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PEEFACE 


The chief aim of the first edition of this bool 
elementary physics in such a way as to stimulati 
some thinking on his own account about the ho\ 
the physical world in which he lives. With this 
abandoned the formal, didactic method so large 
the preceding decade. In place of it we used i 
uniformly started with some simple experimen 
known phenomenon. The consideration of he 
pened was then followed by a discussion of w 
definitions being in general inserted only aft< 
them had been felt by the pupil. Finally, a c 
set of questions and problems following each da 
than each chapter, led the student to find for hin: 
tions between the phenomenon in hand and oth 
penings. Such a* method led inevitably to the 
of the apparently disconnected facts of physic 
great underlying principles, such as the kiin 
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and of electricity would be precisel 
sunset as merely observable facts 
their interpretation in the light of 

In the present revision our forn 
tained. In addition, we have aimed 
thoroughly up to date, and to m{ 
seemed desirable. The most impc 
as follows : 

(1) The approach to the subjeci 
more simple and more interesting 
on force and motion until after t 
nating phenomena of liquids and 

(2) The treatment of force and 
ably simplified. 

(3) The book has been shortens 
order to give opportunity for an exi 
the course. 

(4) A carefully selected list of : 
lems has been inserted at the end. 

(5) The absolute units have bee 
than in the first edition ; for exam| 
are defined in this edition in terms c 
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(10) The portraits of some of the most emh 
physicists have been inserted, as well as thos 
pioneers of the science. 

The frontispiece illustrates the combinatio: 
applied physics, which is the guiding principle 
For the sake of indicating in what directions 
be made if necessary, without interfering w 
paragraphs here and there have been thrown 
These paragraphs will be easily distinguished 
room experiments, which are in the same type 
the most part descriptions of physical applianc 
Some teachers prefer to have the chapter 
ference (X) follow immediately after the cl 
mometry and expansion (VII). This order is 
to the authors as that given. 

It is quite impossible for us to make suita 
of the assistance which has been derived frc 
which have been sent to us from all over the 
We owe an especial debt, however, to H. Clyd 
Milwaukee ; Willard R. Pyle, of New York ; "V 
and Edwin S. Bishop, of Chicago. 


The University of Chicago 


K. 
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A FIRST OOIJRSI 
PHYSIOS 

CHAPTER I 

MEASUREMENT 

Fundamental Units 

1. Introductory. A certain amount of k 
familiar things comes to us all very early h 
almost unconsciously, for example, that stoi 
loons rise, that the teakettle stops boiling 
from the fire, that telephone messages travel 
rents, etc. The aim of physics is to set us t 
how and why such things happen, and to 
acquaint us with other happenings which v 
noticed or heard of previously. Most of our 
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first problem in physics is then to 1 
the units in terms of which all our ] 
expressed. 

2. The historic standard of length 

nations have at some time employed 
name of which bore the same signifi 
English. There can scarcely be any d( 
each country this unit has been derivi 
the human foot. It is probable that in 1 
(a unit which is supposed to have r* 
of the arm of King Henry I) became ( 
ard, the foot was arbitrarily chosen 
standard yard. In view of such an orig 
no agreement existed among the uni 
countries. 

3. Relations between different units 

been true, in general, that in a given 
units of length in common use, such 
inch, the hand, the foot, the fathom, i 
have been derived either from the lenj 
bers of the human body or from equ 
tudes, and in consequence have beei 
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5. Origin of the metric system. At the tim 
Revolution the extreme inconvenience of exist 
measures, together with the confusion arising 
different standards in different localities, le 
Assembly of France to appoint a commission t 
logical system. The result of the labors of i 
was the present metric system, which was intro( 
in 1793, and has since been adopted by the 
most civilized nations except those of Great 
United States ; and even in these countries its 
work is practically universal. 

6. The standard meter. The standard leng\ 
system is called the meter. It is the distance, 
temperature, between two transverse 
parallel lines ruled on a bar of platinum- 
iridium (Fig. 1), which is kept at the 
International Bureau of Weights and 
Measures at Sevres, near Paris. 

In order that this standard length 
might be reproduced if lost, the com- 
mission attempted to make it one ten- 
millionth of the distance from the 
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7. Metric standard capacity. 

is called the liter. It is tlu^ voluinc of 
of a nieter (about 4 iiu'hes) ou a si(h‘, 
1000 cubi(^ ceniiineitu’s (c(‘.). It is (m 
A liter and a quart are thertO’ore roui 

8. The metric standard of mass, 
couiuudion betwecui tlu‘, unit of Itaiij; 
t.!u‘ (‘onunission dinultMl a. (‘onunil.t-tH* 
to prepare a(*ylinder of phitinuni \vh 
wiug'htas a liter of watcu* at its ((‘lujuu 
namely, 4® (4*ntigrad(‘ Kahnaihe 
of this ('ylindtu* made of phitinum-iri 
with the standard nutiu*, now n‘pn‘st 
in the metri(‘- systmn. It is called th 
is (M I ui valent to about ±2 pounds. ( ) 
mass was adopt(‘<l as tlu‘. fundaiiauiit 
named tlu*. (fram. For pnictical |mr| 
mat! he 1iike)i eijual te the at' c//, 

9. The other metric units. The tli 
iiudric. systtun - th(‘, nuder, tlu* lito 
decimal multiph‘S and subiuult 
len<^th, volume, or mass is <*onne{dt 


FUNDAMENTAL UNITS ’ 


10. Relations between the English and mel 

following table gives the relation between the 
English and metric units. 


lincli(in.)= 2.51 cm. 
1 foot (ft.) = 30.48 cm. 
1 mile (mi.) = 1.609 km. 


1 cm. = .39 

1 m. = 1.0 

1 km. = .62 


1 sq. ill. 

= 6.45 sq. cm. 

1 sq. ft. 

= 929.03 sq. cm. 

1 cii. in. 

= 16.387 cc. 

1 Cll. ft. 

= 28,317 cc. 

1 qt. 

= .9463 1. 


1 sq. cm. = .15 
Isq. in. =1.1 

1 cc. = .06 

Icu. in. =1.3 
11 . = 1.0 


1 grain = 64.8 mg. 

1 oz. av. = 28.35 g. 

1 lb. av. = .4536 kg. 


1 g. = 15. 

1 g. = .03 

1 kg. = 2.2 


This table is inserted chiefly for reference 
tions 1 in. = 2.54 cm., 1 m. = 39.37 in., 1 kilo 
1 km. = .62 mi., should be memorized. Portions 
and of an inch scale are shown together in Fi^ 
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Now it is found that just i 
voluuio (*/au be rcnliUHnl to mei 
teriuination of any ineasurabh^ 
in a steam boiltu*, tlu‘. velo(*it.y 
of (d(‘etri(ni.y (u)nsuin(ul by ai 
maL»‘n(d.isin in a niagiud, < 
unuiumts of liuigth, mass, a,] 
thr and the .second, are ( 

anltr. Wheiu‘.V(‘.r any nunisur 
tH|uivalent in Uuans of (*i‘.ntin 
said, for short, (.t> W i^xj>n‘ss( 
See.ond) units. 

13. Measurement of lengtf 

body consists simply in (*omi)i 
standard meter bar ai. t he 
tluit this may be done e.onvi‘n 
tlui same Uuigth a,s ibis stain 
and siiai.i.ivred all ov<‘.r the wor 
sticks, d'luy are dividt^d intc 
gr(‘at (aire b(‘ing i.aktui to ha 
sanui icaigth. nuvi.hod of i 

a l.)ar is more or Ic^ss familiar 

14. Measurement of mass. 


FUNDAMENTAL UNITS 


as many of the standard masses as are requi 
pointer back to 0 again. The mass of the I 
the sum of these standard masses. This is 
correct method of making a 
weighing, and is called the 
method of substitution, 

If a balance is well con- / 1 

structed, however, a weighing I 1 
may usually be made with suffi- / 1 

cient accuracy by simply plac- 1 \ 

ing the unknown body upon / 1 £ 

one pan and finding the sum \ a ) 

of the standard masses which 
must then be placed upon the 
other pan to bring the pointer again to 0. T 
method of weighing. It gives correct results 
when the knife-edge C is exactly midway bet 
of support m and n of the two pans. The met 
tion, on the other hand, is independent of the 
knife-edge. 


QUESTIONS AND PROBLEMS 


1 nT'ntrian'f.iiaf.Vk C!; 


T T ; 
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15. Definition of density. \\' 
wsubstauci‘s, siK'Ii as lead, wood, 
inanner deserihed aboxA, llu\y a: 
enl masses. I'he l(‘rm '' di'iisit 
of lot It rohone of a sid)st.a,iu*(‘. 

Th\is, for (‘xanipk^, in tbt‘ l^r 
the unit of volume and t lu‘ poum 
foot of water is found to waug'h ( 
English system the ilvin^iti/ of iva 

In the (J.(}.S. syst.(‘m t.lu‘ eu 
unit of volum(‘ and the. grain a." 
say that in this system tht‘ dt 
ciibi(*. eenthiK^tcu’, for it will Ih‘ i 
taken as the mass of 1 eubie 
otherwise expn\ssly slaved, (hm; 
stood to nuum (hmsity in (.KbS 
Hidmtanoe In the miraii hi (fnoiiH (j 
utauife. For (‘xamph^., if a block 
long, 1 em. ihiek W(‘ighs 
S4 e,c. in the bloitk, the mass o 
ecpial to or 7.4 g. pm* <•( 

OM.,. ..r r j!.. 


DENSITY 


Dknsities of Liqu 

(In grams per cubic centin 

Alcohol . . . 70 Hydre 

Carbon bisulphide .... 1.20 Meren 

Glycerin 1.2() Glive 

16. Relation between mass, volume, 

volume of a body is equal to tlie numl 
which it contains, and since its dens 
number of grams in 1 cu1)ic centimeter, 
number of gra.ms which it contains, mn 
its volum(‘. times its density. Thus, if t 
and if the volume of an iron body is 1 
body in grams must equal 7.4 x 100 : 
relation in the form o(; an equation, le 
of a body, that is, its total number of gr 
is, its total number of cubic centimet 
tliat is, the number of grams in 1 cul 



This eiiiiatiou merely states the ( 
algebraic form. 

17. Distinction between density an 
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in the English system tlu^ dt^nsit y < 
cubic foot (^7.4 x (>±4), sin{*(‘ \vi‘ liav 

62.4 pounds per eubie foot- and iren 
as an equal vohinu' (»f \vat(‘r. 

Since we shall laauad'orth us(‘ t h(‘ 1 
exclusively density in i lu‘ ( I .S. syst 
little further use in t his book for t lu‘ 

QUESTIONS AND PRC 

1. If a woodtai b(‘ani is dO x ‘Jn x boo < 
what is the density of wood? 

2. Would you aU.(‘tnpt to carry honu* : 
peck measiin* V ((t)nsid<‘ra |u*t‘k equal to 

3. What is t.lH‘ mass of a. liter of ah’ol 

4. How many (Uibic (uaitinuders iu a b 

5. What is tli<‘ W(djj^ht iu metri(* t(»us 
edge? (A nud.rie ton is 1(HH) kilos, f>r abot; 

6. Kind tlu‘ volume in liters of a 1 

45.5 kilos. 

7. Kind tlu', d<‘nsity of a sietd sphere 
32.7 g. 

8. On(3 kilogram of ah'ohol is poured i 

fills it to a depth of 8 <un. Kiml t!u‘ eft»,MM s 
, 9. A capillary glass tub<‘ weighs .2 g. 

long is drawn into Uu* tulxs when it is foi 
cross section of tin*, (uipillary tulx*. 

10. Find the length of a lead nxl 1 tun. in 

* Laboratory <‘X(*r<*ist‘.s <»ii length, mass, ami 
accompany or folh>\v this <‘hapt.(n*. See, for exan 
the authors* mamial. 


CHAPTER II 


PRESSURE IN LIQUIDS 

Liquid Pkessuiie benea^pm a Free 

18. Force beneath the surface of a liquid. 

scious of the fact that in order to lift a kiloj. 
must exert an upward pull. Experience hat 
the greater the mass, the greater the force 
exert. In fact, the force is commonly taker 
equal to the mass lifted. This is called the ? 
a force. A push or pull which is equal to that 
port a gram of mass is called a gram offeree. 

To investigate the nature of tU(^ forces beneath 
a liquid, we shall use a pressure gaug(‘ of th<‘- form .s 
the rubber diax-diragm which is stretcluul across the 
tube A is j^ressed in lightly with tluj fing(u*, the dr( 
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If water is poured in at .s* so t iia 
the pressure to the left at. o Ihh'oi 
sure to tlie right at a,ii(l a How < 
left until the heights art^ again (‘(j 
It follows from these ohsm’vat 
on the level of water in (!onm‘ei(‘d 
sels that the pm^i<ure lidUHtth the 
filar of a liquid depends siniplt/ on 
vertical depth heneafh the free surf 
and not at all on the she or shop 
the vessel. 


QUESTIONS AND P 

1 . If the an‘a.s of th<‘ surfac'os A /> 
same, and if watia* is )>oun‘d into oach ^ 
same height ahov<‘ .1 />*, In»w will the dowi 
company with that in Fig. S, (1)? 'I'est 
your answ(U%if possihlt‘, hy niakiiig .1 11 a 
piece of eard}>oanl and pouring wat«*r in 
at .7) in {*aeh cast^ until th(‘ rard]>oanl 
is forced otf. 

2. Soundings at S(‘a are made l>y low 
ering soim^ kind of a pressure gauge, 
Wlien this gang(^ reads !.»} kg. perstpiarr 


PASCAL’S LAW 


7. A whale when struck with a harpoon will 
down as much as 400 fathoms (2400 ft.). If the bo 
has an average circumference of 15 ft., what is the tc 
force to which it is subjected? 

8 . A hole 5 cm. square is made in a ship’s bott 
7 m. below the water line. What force in kilogram 
required to hold a board above the hole ? 

9. Thirty years ago standpipes were genera 
straight cylinders. To-day they are more commo 
of the form shown in Fig. 9. What are the advanta 
of each form ? 


Pascal’s Law 

22. Transmission of pressure by liqui 

From the fact that pressure within a f 
liquid depends simply upon the depth s 
density of the liquid, it is possible to dedi 
a very surprising conclusion, which was fi 
stated by the famous French scientist, mi 
philosopher, Pascal (1623-1662). 

Let us imagine a vessel of the shape shov 
to be filled with water up to the level ad. 
the upper portion be assumed to p, 

be 1 square centimeter in cross 
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against it is 7/,+! grams; tliat is, a-pf) 
the square centimeter of surface' ah 1 
force exerted by the liquid against- t‘a 
the interior of the vessel. Obviously 
ence whether the pressures which wa? 
ah was due. to a weight of wai-e'r or 
load, as in Fig. 10, (2), or to any otli 
thus arrive at Pascal's c'ouelusiou tin 
'fvhere in a. hody of nonfnuul is t 

to every porfion of the i^arjaee (f the eo, 
23. Multiplication of force by the ’ 
by liquids. Pasc.al himsc'lf point ('d o 
the principle stated ahov(^ \\a ought- 
a very small force iiit-o om^ of un- 
limited magnitmh'- Thus, if the 
area of the c.ylinder ah ( l^'ig. If) is 
1 sq. cm., while that of the cylinder 
AB is 1000 sq. cm., a fonu', of 1 kg. 
applied to ah would transmitt(sl 
by the liquid so a.s to atd. with a 
force of 1 kg. on (‘a.ch sipiaiH* <’entiin 
llemic tlie total upward fona^ ('X(‘rte( 



PASCAL’S LAW 

Such a press is represented in section in Fig. 12. As 
is raised, water from the cistern. C enters the piston cha 
valve V. As soon as the down stroke begins, the valve 
v' opens, and the pressure applied on the piston p is tra 
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tlirough wliit'R the piston AI> is [)us 
Pat — — of the (listiiiu'.e through w 

l (I 0 0 

down. For, roreing (il> down ii disian- 
but 1 enbi(j eeiitinuder oT watiu* o> 
dor, and this addii.ional ('uhic. (aadii 


of the water ther(‘, 
|)iit^lp~eentinuder. 
\Vc S(H‘., tluu*(d‘ort‘, 
that the prodiud; of 
the for(*.e aeting by 
the distaiUHi niovtal 
is pre(‘.isely the same, 
at both ends of tlu‘- 
inaedune. This im- 
portant eoiudusion 
will bi‘. found in 
ouf future study 
to ap[)ly to all nia- 
ehin(^s. 

26. The hydraulic 
elevator. Another vt‘rv 
(roninioii a|)|>Heation (*f 


C] 


^ i 


1 


\r 


t 



p(f.s/ritw Of' (I 

JTN ASCt:ST 


PASCAL’S LAW 


elevator then asoeiuls. Wlu‘u rr is ]»ul]e<l down, r U 
the water in to (‘s<*a}><‘ into the S(‘wer. l'h(‘. (‘h‘va 

\Vher(^ Sju‘t‘(l is re(}uin‘(l t.he motion ot* t.lu‘, i^yliiH! 
indirt'et.ly to th<‘ eai;<‘ hy a systmn of {Uilleys like th: 
Wit-h this arran,L;(‘inent a foot, of upward motion 
eaus(‘s t.h<‘ <*ounterpois(‘ I> of t.lu' en.^’e to d(‘se(Uid 1: 
from th<‘ ti!H'un‘ t-hatwlum the eylinder .i^’ot's uj) 1 fo( 
hi‘ pulh'd over th(‘ lix<‘d pulley /> to l<‘ni»’t.hen (uie.li ( 
and l> I foot. Similarly, wlum tin* (*ounterpois(‘ desc 
ascamds 1 f<‘(‘t. Ihmec* tin* eat^’e mov(‘s four t.inu'S a^ 
as far as the eylimhu*. d'lu* (‘h‘vators in t.h(‘. K/ifh'l 
of t.his sort. ’’rh(‘y hav<‘ a tot.al t.rav(d of 420 fe(*t 
liftiiii^ oO peoph‘ 400 feih. per minute. 

27. City water supply. Fio'. If) illustrat.i 
which a. (^ity is oTtvii su|)[)runl with wa.t(‘r I'ron 
Lh(*. a:(fU(‘(luct froiu tlu‘ laki^ a |)ass(‘s uinha* 

a hill //, and intn a. rt'Stn-voir c, IVoin wdiii 
th(‘. I^onip into the standpijH^. I\ whenc(^ it 
th(‘ hous(*s of th(^ city'. IF a, sta.tic. condition 
whoU^ system, tlum th(‘ watin* kn-id in e won 
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28. Artesian wells. It, is in princ 
by rupiids that iirU*si;ui \v<*lls find tliniri 
section of what i»’«*oloi;isis <‘all an art** 
coinpos(‘d of soim* jxn'ous inat(‘ri;il sur' 
stoTK', or brok(*n rotdc, ibrou^'li which I 
Abov(‘ and Ixdow it an* strata f ' and , 
inat.(‘rial ini]M'rvi<)ns to water. 'The poi 
VN'liich finds <‘nt,ra,n<‘e at- t-he outcroppini;’ 



1(5. Artesia 


is made throut;'h tin* laym' (! t he water i»*n 
mission of ]>r(\ssun‘. from the hii;her lev 
near Leip/.i<j^, (hn-ma-ny, whiidi is nTde f 
have been Inired in the d(*sert. of Sahara 
for.nd at a <h‘pt.li of 200 feet.. (Jreat m 
t-he Uni ted Stat(‘s, notaUIe ones being' 
(K(*nt-iicky), and (diarh'ston (Soutli (‘ar 
whicli t.h(i wells are found are often a hi 


QUESTIONS AND PI 

1 . Mow does your city g<*t its water 
pip(*s maintaimxl ? 


THE PRINCIPLE OF Alii 


6. Fig. 17 represents au iustrument coniui 
static bellows. If tlie base C is 20 in. square ; 
water to a d(‘pt.li of 5 ft. above the top of C, v 
value of the weight W’liieli the bello\vs can su 

7. A hy<l rail lie press liaving a ]hstou 1 in. i 
exerts a force of 10,()00 lb. wluvulO lb. ari‘. a])p 
])islon. IVhat is the diameter of the large pisi 


'IhlK lOllNClPl^K OF AlU^MlMFDl 

29. Loss of weight of a body in a liqi 
preceding (^xpcn-iinenis liavci shown tin 
ward forc.e aets against the bottom of 
imnuavsed in a liipiid. If the body is a b' 
piece of wood, or any body whiidi ih 
clear that, since it is in eijiiilibrinm, thi 
force innst be eipial to the weight of 1 
Ev(;n if tlie body does not float, everyd 
vation shows that it still loses a portioi 
for it is well known that it is easier 
wat(‘.r than in air; or, again, that a n 
support his wholi‘- wcdglit liy jiri^ssii; 
bottom with his lingm's. It was indtuM 
whii'.h lirst h‘.d Ihi) old (treek philosop 
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body immeTBed in a liquid must lose 
of the displaced liquids He is said 
his feet and rushed through the s 
Eureka, eureka ! ” (I have found 
30. Theoretical proof of Archimec 
that Archimedes, with that faculty 
men of great genius, saw the trut 
conclusion without going through 
ical process of proof. Such a pro^ 
ever, can easily be given. Thus, s 
upward force on the bottom of tl 
abed (Fig. 18) is equal to the weigl 
column of liquid ohce^ and since th 
ward force on the top of this block 
to the weight of the column of liqi 
it is clear that the upward force r 
ceed the downward force by the w 
the column of liquid abed ; that is, 
the liquid is exactly equal to the we\ 
The reasoning is exactly the s 
matter what may be the nature 
liquid in which the body is immei 
hnw -Far thp. hndv hp. hpnp.a.th 
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to ris(i until the upward force on its bottc 
own wtuglit. Put this upward force is ah^ 
weight ol’ the displaced liquid, tliat is, to i 
coin inn of liquid vihoi (Fig. 19). 

Jleiu^e a float VI (/ hodj/ muM displace itfi i 
Ihpiid in ivhirh it floats'. Ill is statement is 
original statmnent of Archimedes’ principle, 
lloats has lost ii-s wholes weight. 

31. Density of a heavy solid. The densit 
d(‘iinition, its mass divided l)y its volume, 
sil)l(^ to obtain ilu^. mass of a, liody by weij 
not, in g(nun*ah possible t-o obtain the volumi 
of an irr(*gula.r body from m(‘,asurements o 
its dimensions. Arc-himed(',s' principle, how 
(‘ver, fu mishits an a(*.eura.te and easy nietho( 
for obtaining the volume of any solid, how 
(‘.ver irrc^gular, for liy the pnuicding paragrapl 
this volume is nummr.allj/ equal to the los 
of w(dight in water. Heneo the equatio] 
whi(‘h <le{iiu‘s density, namely, 


Density = 
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is the weight on the right pan w 
are under water. Then — is oh 
of the water on the body 
alone, and is therefore equal 
to the weight of the dis- 
placed water, which is numer- 
ically equal to the volume 
of the body. 

33. Density of liquids by 
the hydrometer method. The 

commercial hydrometer such 
as is now in common use for 
testing the density of alco- 
hol, milk, acids, sugar solu- 
tions, etc. is of the form 
shown in Fig. 22. The stem 
is calibrated by trial so that the dei 
read upon it directly. The principl 
ing body sinks until it displaces its < 
By making the stem very slendei 
tiveness of the instrument may be 
great. Why ? 

34. Density of liquids by loss 



THE PRmCIPLE OF ARCHIMI 


tlio of iiu eqiiiil voluine of water. IH 

us at oiUH^, tlu-i speeiiie gravity of tlie liquid, w 
a,s its (Itaisily in the C.G.S. system. Idiere 
iij a ill ride the /f>,s*.s‘ ef 'U'ei</ht 

it bjf the /u.s'.s* (if irelj/ht af the HWine hody in ‘i 

QUESTIONS AND PROBLEMS 

1. Wha.i. fnK'tion of t.lu' voliinu'. of a hloc.k of \V( 
\val(‘r if its (haisity is .5 V if its (loiisity is .(iV if its d 
ill n'lMK'ra.) \vha(. rra,ction of tlu‘. voluuu'. of a lloatiuii;’ 1) 

2. If an icclxM*!;* ris<*s 100 ft. aJ)oV(‘ walin', liow 
lu'lovv \vat<‘rV (Assuiia*. tli(‘ d(*nsily of tl\(‘, i('‘(‘ to 
water.) 

3. If a l)ari»’(‘ r>0 ft. Oy lo ft. sank 4 in. wluai an < 
aboard, what was th<‘ (‘l(‘j)hant’s w(vij4‘htV 

4. Tli<‘ hull of a modern hattU^shi)) is uuuh‘. a,lm( 
its walls b(‘in!i( of stetd }>}at(‘s from (5 to IS in. thic 
can Iloa,t. 

5. Will the water lim^ of a boat rise, or fall as i 
into salt water? 

* 67 If a l.oO-lb. itnin cam just float, wlial is his vc 

7. .V hollow st<‘(‘l body wei!L>‘hing’ 1 just f 
rolum(‘ ? 

8. What is i.h(‘ vohmu' of a whal(‘ w'hitdi weii^ln 

9. If (‘aeh boal. of a ponfpoon bridge, is lOO ft. h 
a,t th<‘ wabn* lim*. how nuudi will it sink wlnm a lo 
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35. The weight of air. To o] 
scarcely perceptible. It appears to 
no resistance to bodies passing thi 
balanced as in Fig. 23, then remove 
pressure by a few strokes of a bicy 
when placed on the balance again, 
to be heavier than it was before. 
On the other hand, if the bulb be 
connected with an air pump and 
exhausted, it will be found to have 
lost weight. Evidently, then, air 
can be put into and taken out of a 
vessel, weighed, and handled, just 

lilrp a. linnirl nr a. snhVL 
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36. Proof that air exerts pressure. S 
it is to be iiirerrecl that air, like a liquid 
any svirface immersed in it. The fo 
[)rove this. 

L(‘t. a rubhor moinbraiK' bo strotohed over a g 
As the. air is (‘xhausted from beneath the luon 
observtsl to }>e more and more (iepre.sscd until 
it will hnally burst under the ])r(\ssure of tlu‘, 
air above. 

Again, l(‘t a tin <‘.an be ])a,rUy filled with 
wafer and th<‘ wat(‘r boihsl. The air will b(i 
ex|M*ll(*<l by escjiping stea,m, Whih^ fphe. 
boiling is st.ill going on, hit t.he (‘.an lu^. tightly 
(*ork(Ml, th(‘ii pla(i(‘d in a sink or tray and (iold 
watpor j)oun‘(I ov(‘r it. 'riui steam will be (ion- 
(I(ms<‘d and tin*. w(‘ight of the air outside will 
(irush the ean. 

37, Cause of the rise of liquids in ex] 
lower end of a lon^ l.nl)e Ixi dippcid in 
(ixhausted from the npjxir (ind, water will 
|)rov(i tlui ipruth of this stpatenKiiit every ti: 
through a stra.w. Tlui old ( Jnieksand 
phtuioituuia by saying that ” naturti abl 

j 1 • V... j r . _ j *11 • . r 
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stopper A in the bell jar. As soon as the pump : 
in the tube will, in fact, be seen to fall. As the 
it will fall nearer and nearer to the level in the 
not usually nuudi it for the reason that an ordi 
not capabhi of producing' as good a vacuum, as th 
toj) of th('. trd)(‘. .As the air is allowed to retu 
mercury will rise in the tube to its former level. 

40. Amount of the atmospheric pressm 

p(‘rinient shows exactly how great the at 
is, siiu*.e this pressure is able to balance a 
of (hhinite length. In accordance with 
a Pa, scabs law tlie downward pressure ex- 

y erted by the atmosphere on tlie surface 

of the mercury in tlie dish (Fig. 27) is 
transmitted as an exactly ecpial upward 
pressure on the layer of mercury inside 
the tube at the sa;me level as the mercury 
outside. But the downward pressure at 
this point within the; tube is e(|ual to 7c7, 
wIkux; <1 is tlu; densit.y of nuu'eairy and k 
is tlu; d(;plh Ixdow tlu; surface />. Since 
tlu; avera,g(; h(;ight of this column at sea 
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ascending toward tlio siirfa(‘(% at 
to diminish on passini^ from sea 1 
mountain existed near ihiris, lu 
to the top of a high towcn* and. 
slight fall in. the height of the eo 
He then wrote to his hrotlKn-in- 
liv(Ml near Pny de Doint', a mom 
of Fraiuu^, and ask(‘d him to tr 
on a ]arg('r seah^. Ihn’ihn* \vrol(‘. 
'"ravished with admiration am 
when ho found that, on asetaid 
the menuiry sa.nk about. S {*(‘nt im 
'rius was in IdlS, live', ^aairs 
diseovery. 

At the present day g(‘ologiea.} 
a.se.ortain <lirf(‘r(au*(‘s in alt itmh^ 
(^luingo in th(‘ l)a.i*om(‘t pr(‘ssu) 
or desetaid. A fall of 1 milHm 
nud.ruj height (U)rresponds to an 
12 nuitenvs. 

42. The barometer. Tlu‘ nu 
28) is ess(‘nt.ia,lly nolhiiii 
than Torrie(‘lli’s tnlH‘. Taking a 
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Iloiu'e tlu‘ biir()iiu‘,tcr, althougli not an in 
prophet, is novcn* the'. less of considerable ass 
easting wc^atlitn* e.ondilions some liours alici 
c'ompariug* a.t a, (*.(‘nt.ra,l station, the telegraphic 
reports of baronu^Ua* rc‘.a.(liiigs inadc'. ev(vry few 
luairs at. stations all over t.h(‘, country, it is 
possible', to (letermiiH^ in what direction the 
at.mos})heru*, eddic'.s whieii eanse baronud.er 
elaingi'S and st.onny conditions an^ traveling, 
and h('nc(‘, to " force, ast” tlu‘, weather even a 
day or tavo in iidvajice^ 

43. The first barometers. Torriot'lll actually (*. 011 - 
Hliiau’ird a harouH‘t-(‘r not (‘sscntially dilTerent .from 
that shown in .Fig. 28, and uh(hI it for obst'rviag 
tdiaug(‘H in the atmos}»lu‘ric pn^ssure; but perhaps 
tli(‘ most int( ‘.res ting of the early barouKd-ers was that 
S(‘t up al)out KJaO by tlu'. famous old (hu’inaii physi- 
cist Otto von (}u<*ri(dv(‘, of iMagd(^hurg ( 1(>()2-T(i8()). 
roimdor a wattM* <*olunin tlu*. top of \vhi(di j)ass(Hl thro 
house. A wood(‘n whi(di (loaded on th(‘. u|>|K‘.riH 

a,pp(‘ai‘<'d above t.ho housetop in fair w<*ath(‘r l)ut n‘i 
foul, a circumst.ancc which l<‘d his neighbors 
tocharg(‘ him wil,h being in h‘a.gue with Sa.tan. ^ 
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which hcnils slii^-htlv untU'r the 
|)n‘ssiirc. I'liis mot.ioii of top of Mi 
sysitMii of h‘vcrs and coiiinnujic’al.cd i.< 
dial \vhos(‘ n'udin^’s arc iiuuh* i.o corrc‘S} 
b<Lrom(d.cr. PIk'sc* inst-rimu'nts arc in 
cluin<»'(^ in pri'ssurc wlnni trlicy arc mo 
to the lloor. 

QUESTIONS AND 

1 . W'iiai. is your (‘xplaiiation of wh 

2. Find th(‘ wcii^’ht of Mi(‘ air coni; 

3. I f a l)a.roim‘i.(‘r were sunk in wadei 
st.ood I in. h(dow Mn‘ surfaet* of ( he wa 
tin* l)aromet(*r, Mn‘ l)arome(,rie hei,L;'ld. : 

4. If a circular piec(‘ th' we(. l<‘a(he; 
iniddhs is {ih'ShimI down on a (lat. snua 
may often he lifi.isl hy pullini;' on Mn‘ 
upV Kx[>lain. 
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the book which describes his experiments is a pi( 
•1 tt‘ains of liorses on each side of the heiiiisphe 
them. Tlie ex[K‘rimeut was actually performed i 
(h‘nnan emperor Ferdinand III. Tf the air was 
iut(‘.ri()r of the liemispheres, wliat forcui in ])oui.ids ^ 
pull them apart V (Find the atmospheric force, on a 

( -OMPhMOSSIBILlTV AND EXPANSIHJI 

46. Incompressibility of liquids. I'liiis 
V(u*y st.riking n‘.s(‘.inl)lan(U‘s V)e-ti\veoii the coi 
at the bottom of a body of liquid and tbos 
bottom of the gre.at ocean of air in wliicli 
come to a most important differemA^ It 
if 2 liters of water be poured into a tall 
water will stand exactly twice as liigli as i 
but 1 liter; or if 10 liters be poured in, t 
10 tinuis as high as if there be but 1 Lite 
the lowest liter iu the vessel is not mea 
by the weight of the wattu* above it. 

It lias b(^en found by carcdiilly devise 
('onipri^ssing weights (‘.normously greater 
us(‘.d without [iroduc.ing a. marked effeci 
(uibit^ (avntinu'.Un* of watm* is subjeded to t 

r <■> m\i\ r\i\r\ rj... 
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to s{)riMo* l)iu4v to II hu*<4*(‘i- \ ( 
is n4u‘V<‘(l, is {>rovc‘(l rvcry t 
bounds, or tlu‘ ('ork is (lri\'i‘n 

l>ut it is not. only air wiiitdi 
niatu*. (‘iishion by sonu‘ sort ( 
this st-ab^ of ri*a(Iiii(*ss (o i‘\{i 
<liminish(‘d ; tho ordinary air 
same way if 11 h‘ [)r(‘ssuri‘ to w 

Thus, l(‘t. a litiM* ImsiIou- with ; 
ovur t.h(‘ t(»|> 1)(‘ placed under th(‘ 
as thi‘ |nnup is std. into eptu'at ion 
the inside air will (‘Kpaiid with 
sullieii'ut. forei‘ to hurst, the ruh 
her or j.n'(‘ally to disf.end it, as 
siu)wn in Ki^’. .‘»d. 

Ai^'ain, let, two bottles he ar- 
ran!4;(‘d as in hii;'. a>(5, one h(‘ina' 
stoppensl air-t.ia’hl, while the 
other is uneoidosl. As soon as 
tin* t.wo ar(‘ plaeed under the 
n‘e<‘iv«‘r <d* an a.ii‘ pump and the ai 
over into II. W'hen th«‘ air is issid 
tlow haek. lOx plain. 


48. Why hollow bodies arc i 
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49. Boyle’s law. The lirst man to inves 
relation between the change in the pressure ( 
fined body of air and its change in volume ^ 
Rolxvrt Hoyle (1 ()2()"1()91). We shall I’cpea 
a modified form of his experiment minfii mor 
carefully in the laboratory; but the follow 
ing will illustrate the method by which h 
dis(}overed one of the most important law 
of physi(*.s. 

Let nu‘r(‘.iiry h(‘. ]K)uro.(l int.o ii glass tube iint 
it; stands at th<‘ same le.v(‘l in tin*, closed arm AC n 
in the. opc'ii arm JiD (Fig. M7). There is now cm 
tilled in A(' a (u^rtaiu volunu* of air under the pre 
sur(‘. of one atmospluu-e. Call this [iressure I\. L< 
tin*, length AC he measured and called 1^- Then h 
m(‘r(uiry be jxnired into tlui long arm until tlie levi 
in t.his arm is as many (X'ntimet.ers above*, the level i 
the short arm as there' are'. e*,emtime*ten-s in the* baron 
e‘ter Insight. The* ce)ntine*d Jiir is now nn(Ie*r ;ipi'e*ssu] 
e)f twe) atme)sphe‘n*s. ('all it 7C. In*t the* n(‘W veil 
me‘a,sun*<L It will he*, fouinl t,o he* just half its foi 

Ihmeu* W(‘, leuirii that denihling tlui pre'ssur 
body e)f air halve^s its volunuu If we‘, liad trij 

1 11 1 1* 1 j 1 1 1.. . . ,1 
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3t‘> 

the mass rtunains unt^hani»\*(L 

/.s‘ (lirt'dlj/ proportional to / 

50. Extent and character of t 
the fuels of conipri^ssibilil y luu 
know that the air, uulik('. th(‘, s( 
<^enst^ as \vc asi'i^nd from (Ju‘. 1 
at llu^ toj) of I\lont lUiinc, u Ikm 
»)<S (‘(mtinu‘t(n's, or oiu^ half of i 
shy also must, by I>oyli‘'s law, 1 
S(ia level. 

No om^ has (wm* asiHSidiMl hi 
approx imahidy l.la^ h(‘ii»’ht. altaiii 
Knglish a,e.romuils, (dlasi^a* aiul ' 
]>arom(‘.ti'i(t lH‘i!L>'h(. is but about, 
about - ■ dt)'’ II r>oth ai'romiut: 
and Mr. (ilasim* lK*ea,iiu‘ unco 
su(*c‘(H*d(*d in i^raspiiiL;’ with his I 
valvt^ and caused the balloon to 
11)01, the hhuMieh ai‘roua,u(< .M. i 
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Obserratory, Mount W eatber, Virginia. '] 
are calculated from the indications oi 
barometers. 

At a height of 85 miles the density 
estimated to be l)ut jjfjriTo value at 
lating how far below the horizon the sr 

nni/Zifs 
in milcH 
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51. Height of the '^homogeneous atmosphere. Although, 

then, we cannot tell to what height the atmosphere extends, 
we do know with certainty that the weight of a column of air 
1 square centimeter in cross section and reaching from the 
earth’s surface to the extreme limits of the atmosphere will 
just balance a column of mercury 76 centimeters high, for 
this was shown by Torricelli’s experiment. Since 1 cubic cen- 
timeter of air at the earth’s surface weighs about 1.2 milli- 
grams, that is, since the density of ah is about .0012, or-g^ 
that of water, and since mercury is about 13.6 times as 
heavy as water, it follows that if the air had the same density 
at all altitudes which it has at the earth’s surface, its height 
would be 76 xl3.6 x 800 centimeters, that is, 8.2 kilometers, 
or about 5 miles. The tops of the Himalayas would there- 
fore rise above it. This height of 5 miles, which is the height 
to which the air would extend if it, like the ocean, had the 
same density throughout, is called the height of the homogeneous 
atmosphere. 

52. Density of air below sea level. The same cause which 
makes air diminish rapidly in density as we ascend above sea 
level must produce a rapid increase in its density as we descend 
below this level. It has been calculated that if a boring could 
be made in the earth 35 miles deep, the air at the bottom 
would be one thousand times as dense as at the earth’s surface. 
Therefore wood and even water would float in it. 

QUESTIONS AND PROBLEMS 

1 . Why is the reading of a barometer incorrect if the barometer 
tube is not strictly vertical ? 

2. Under ordinary conditions a gram of air occupies about 800 cc. 
Find what volume a gram will occu^Dy at tlie top of Mont Blanc (alti- 
tude 15,810 ft.), where bhe barometer indicates that the pressure is only 
about one half what it is at .sea level. 

3. The mean density of the air at sea level is about .0012. What 
is its density at the top of Mont Blanc ? What fractional part of the 
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earth’ij atmosphere has one left beneath him when he ascends to the 
top of this mountain ? 

4. If Glasier and Coxwell rose in their balloon until the barometric 
height was only 18 cm., how many inhalations were they obliged to 
make in order to obtain the same amount of air which they 
could obtain at the surface in one inhalation? 

5. With the aid of the experiment in which the rubber dam 
was burst under the exhausted receiver of an air pump, explain 
why high mountain climbing often causes pain and bleeding in 
the ears and nose. Why does deep diving produce similar effects ? 

6. Blow as hard as pos.sible into the tube of the bottle 
shown in Fig. 39. Then withdraw the mouth and explain all 
of the effects observed. 

7. If a bottle or cylinder is filled with water and inverted in a dish 
of water, with its mouth beneath the surface (see Fig. 40), the water 
will not run out. Why ? 

8. If a bent rubber tube is inserted beneath the cylinder and air 
blown in at o (Fig. 40), it will rise to the top and displace the water. 
This is the method regularly used in collecting gases. Explain what 
forces the gas up into it, and what causes the water to 
descend in the tube as the gas rises. 

9. Why must the bung be removed from a cider 
barrel in order to secure a proper flow from the faucet? 

10. When a bottle full of water is inverted, the water 
will gurgle out instead of issuing in a steady stream. 

Why? 

11. There is a pressure of 80 cm. of mercury on 1000 cc. 
of gas. What pressure must be applied to reduce the 
volume to COOcc. if the temperature is kept constant? 

12. What sort of a change in volume do the bubbles of air which 
escape from a diver’s suit experience as they ascend to the surface ? 

Pneumatic Appliances 

53. The siphon. Let a rubber or glass tube be filled with water and 
then placed in the position shown in Fig. 41. Water will be found to 
flow through the tube from vessel A into vessel B. If, then, B be raised 
until the water in it is at a higher level than that in A, the direction 
of flow will be reversed. This instrument, which is called the siphon^ is 
very useful for removing liquids from vessels which cannot be over- 
turned, or for drawing off the upper layers of a liquid without disturbing 
the lower layers. 



Fig. 40 



Fig. 39 
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The explanation of the ►si[)li(nrs ael.ion is readily 
Fig. 41. Since tlie tube ach is hill el \va(er, water 
dently flow through it if tlii‘. lorei* whieh |iiisht's it 
is greater than that whiidi pus!it‘s it the other way. 
upward j^ressure at a is eipial io atuios- 
pheric pressure inhnis tluvdowiiward \iy 

sure due to tlie Avaler eolunui (nl ; wiiile V'/ 


Sea'll troiu 
nms|. e\ i- 
one w ay 
Now (he 



the upward pressure at h is aliiiosplierie 

pressure minus tlie ili)wnnva.i*d ])r(!s,siirt‘ due ' ? * | | ^ 

to the Avater eolinnii I haieiM.he. prt^ssurc* j| jj , ^ j 

at a exceeds the pressure at h liy llu^ [um‘s» 1) (t 

sure due to the wahu* eoluuiii ./’A Tlu^ {.•,,, .n. 'i hr 

siphon will evidently eeaso to ae.t wdiiMi the 

water is at the same level in Mi(‘. (.wa) V(‘ss«ds, siiiee (hen y'A 0, 


and the forces acting at tlu^ tw'o (aids of (he tuhe ar<‘ (herefore 
equal and opposite, it will also cease (ti aet when (he hend e 
is more than 84 feet above, t.la*. surface, ai' 
the water in N, siiieu then a vaeuum will 
form at the top, atmospluu’ie, pn'ssuri' being 
unable to raise watiu* to a h(‘ighl. grisiii'r 
than this in either tube. 

Would a siphon flow^ in a vacuum V 


o 


54. The intermittent siphon. *12 n'prt' 
seats an intcirinittciU siphon. If (-Ik* vcmsoI \t 
at first empty, to what level must it hi* iilied heCorc lln* wuler will 


I'hf.. la. iuO'imillrut 
eipliim 


flow out at 0? To what Jevih will tlm. walcr (hen lull jM-ioir (he ihwv 
will cease? 


55. The air pump. The air pump was inveufed in IdaU by 
Otto von (xuerie.ke, mayor of Magdehurg, ( u‘ruuiu v, who de- 
serves the greater (U'odit, siuec, lu*. was upparenily w I'lidly with- 
out knowledge o! the diseoveih's wliiil) (Inliii-.i, 'I'lUTin.lli, 
and Pascal had made a lew ycsii's earlier reganliiig the ehar- 
aetei of the earths iitiuiisplua'e. A siiu|ile I'urni t<l .siieh a 
pump is shown in Fig. 4i!. Wlieii llie pi.sidii i.s rai.seil tlie air 
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From tlu'. n‘ci‘iv(*r A* (‘Xpnnds inln ilu* c^'lindt'r li Ihroundi llu* 
v;ilvi‘. //. \\’}icn (he pislnii descends il. (‘onipi'csses litis air, 

and thus (‘lnsi‘s tlu' va.lv(‘ .1 and opens (lii^ exhaust valvt‘ (\ 
'riins \vi(.li (sieli douhle slr<jk(‘ a eerlain IVaetion of (lu‘ air 
in llu‘ receiver is I ranshn'rt'd rrniu A* r-n 
ihrou'^'li till' cylinder (o ottlside. 

In many })umps {.lu‘ valve (' is in q 

lla* piston itself. y \ 

56. The compression pump. A coni- ( 

prt'ssion pinn}» is iiothiiii;' hut tin e\- ■ tj . 

Iiaust pump with the vtilves reViU’sed, ' /-I'' '! J 

st) that- d {'loses and (' oiieiis iju the i.. t • • 

* r i«. , A : nn|>!i* tuf jmmp 

u|>s(roke, ami ./ opi’us ami (* {doses 

ou the dow'ust roke. lu its ehi'aj>er forms, lt)r example, (he 
eomiuou hieyele pump, the valve A' is often repkuM'tl hy ti very 
simple deN‘iee. ealksl a. cup valve. 'This valve etjusisls of a 
{lisk of leather a lillle larip'r than the harrtd of (he pump, 
att'.iehetl tt) a. loosidy llttiui*’ metal piston. W’hen tin* piston 
is raised (he air passes in arouml (he leather, hut. when i(. is 
lovvert'd the h'ather isemwaled (dostdy ai^aln.sl . 

tht? walls, s«) thai thm*e is no t'seape for (he jj I 
air ( h'ie’. 1 ( ). 

(’onijtn'ssed air limls s«> many Jipplieai itiiis ^ 

in siieh machines as air drills (used in miu' / ^ 

ino’), air hraki'S, air nmtt>rs, ete., tliat. (he I'm., it. Tlu’ cup 
eompr(‘ssion pump must, he looked uptmasof 
much ip'etiter impm'taiiee imlusl ritdly than thi* exhaust pump. 

57. The lift pump, d’he etmunon water pump, shown in 
I*'i| 4 “. -In, has l)een in use al. ksist, sims' (la* time <»f Arislthh* 
(fourth eeiititrv Ua*. ), It will lamsetm from (he fenuM* that it 
is ludhiu!^ more imr h'ss than a, simpliiii'tl form tjf air pump, 
lu fa.et, in tlu' earlier strok<*s wa* an* simply {•xhaustin»r uir 
from tla^ pipe hehuv tlu* valve A, Water iMmhl m-vtu* he 
uhlained at S, {'vam with a perlVet, punip^ if (he vaha' A were 
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not witliin 34 feet of tlie surfacu' of the wnter in Jl\ Why ? 
On account of mecliauieiil iin|)tU'h‘(*lions (his limit is usually 
about 28 feet instead of 34. Ei't ( lie s( in lent ^ 

analyze, stroke by strokts t-lu^ o|H‘rali()n ol 
pumping water from a \V(41 with ilu' pump \\ 

of Fig. 45. Wliy will pouring in a. little | ^ ^ 

water at the top, that is, “priming, nllen 
assist greatly in starting sm*h a piimpV j u 

58. The force pump. fh’g. 45 ilhistrati’s ^ 

the construction ol: tlu5 foi’ee pump, a. th^vice 1- * 

eoininonly useil wlaai f j ^ 

it is (l(‘sired to {h'livm* wj j 

r water at. a jH>int higher 

Mum Mh'. posit ion at. ^ 

H IjN whu'h it. IS eiuivenient 

I J to place Mu^ pump ilsi’ir, I ,ot t ho .‘.i mlonl 

^ aiialyz(^ th(‘- action of tin* pump IVoiu a 

r A •'^Mnly of tluMliag’rain. 

^ It will he seen t hat I he disohar^'.o iVoin 
■■ ' tpiZZ) jj^ji arrangement as that .■4n»\\n in 

IMg. -It) must. h(‘ intormit I rn( , f.ino»’ no 
w'a.t(‘r (uin flow up llu‘pi[>o 

.Fid. 40. '.riiu fux’co punij) wluMi thi^ piston /' . ‘ij| 

is aseiauling. In order to L .1. 
make the How (iont.iune ilnring tin* ups(roki% an ; j; j 

air ehaiuber, siu^h as that, shown in l‘’ig\ 17, is !■. j 

always inserted bei.wi'en thi^ valvt^ u {\'\yy 15 j " 

and the diseluirgi*. point;. ,As tlu‘ watm' is roivoil " 

violently into this c'JiamlK'r hy (he downward Kii. i;, ‘Mm- 

motion of the piston it <iompresses the <-ou(iiu*i! n-m. mi a 
air. It is, then, tlie I'luu, '.(ion of this eonipressrd 
air which is imnualiately n'sponsihh' for the tl nu in I ho dis 
charge tube, and as this I'eaeMoii is eont ininut:, iho tinw is 
also contimious. 


Ko. i;, ‘I!m' 
:i.u »i“Ha mI a 
li.i.'f n?uup 
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r(‘j)n‘S(‘n{s oiu' of tin* most. r;iniilia.r Ivprs of rorci* 
puiiij), (Iu‘ doiihU'-ucliiin' slonm tin* (‘iii’Mim. Ia‘(- ( 1 h‘ sliidmil. 
luiaiy'/.o. (Ih‘ action of (Ik*. puin[» from a study uT tlu‘ diai’Tain. 





50. The Cartesian diver. lh‘S(*ar(i«s ( laUtl filoO), th«’ <p-fa(. 
hj'iMich pIiilosopluM’, inviUitt'd an odd dnvifi’ wliicli illusl rates at 
the same, l-ime tlu' priueiple of the t raiismissic ai of pri'ssun‘ hv 
licpuds, till* prineipli* of A reinmedes, and d, 

(lie eompressihility of pyises. A hollow 
£,(la.ss ima^^e in human shape [ h’i'y lh, ( I ) | 
has an openiui;’ in the lower end, I( is 
partly lilled with water and pai’lly with 
air, so (hal. it will just lloat. iJy press 
iiiif on the ruhlier diaphrayon at. the top 
of the vessid It may he made It) sink or 
rise at. will. Isxplaim If the di\er is not. Kn.. ia. 
availahle, a small hotlh* or test luhe | see 
h'ig. Ilk ( ll ) I may he used instead. It w orks eipially widl, and 
hrinji;s out, thi* priiieiple even hi‘lter. 'I'lie motlcrn siihmarlne is 
(•ss(‘iitiaily nothing; hnt a luu^i* (’artesian diver. 1 'he v«tlnme of 
Uie air in its eliaml)(‘rs is ehaujj^ed hy forein*^ water in or out, 
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60. The balloon. A rofon'iict' to Mn‘ “t An hifn- 'i 

(§ 30, p. 22) will show thut it mnsl; ap|»iy as ur-ll Im -..i .* 
He?iC€ any body iunnt'rst'd in air is huni/rd «/» < = v 
a force which is cqiKil to (hr irriyfil of tin' disybn'^ n 
air. The body will t.lH'n'fon^ rlsi‘ it its ow ti /' i ' 

weight is less than the wi'iglit. ol the air \\lti*’h j- . , 

it displaces. j ' 

A balloon is a hirgi*. silk hsig (t'ii;*. oi)) v;ir i' 

iiislied so as to b<^ air-llglil-, and tilled t-illu r i 

with hydrog'(m or witli (amminn ilhiniinarne: e.a i. ; f \ 

The former gas w(‘ig]is ahoiil. .(li) kilngraiu ]‘»-v ^ ^ ^ 

cubic meb'rand eonimou illnminuling gas n\ ei'/,h ■ 
about .75 kilogram ])er (uihie meter. It. will be r«- ^ , 

membered that ordinary air weighs about \ 

kilogiaims pm cubii*. m(‘ter. It will be seen, then- < 

fore, that the lifting poW(*r of hydnepm per eubie 
meter, ivairndy, 1.20 — .Oil l.l 1 , is more (h.m 
twice the lifting jiowtu* of illuminat ine; ".i 
1.20 —.75 = .45. Ncnau’l.heless, tm a»*eounl ol tie- 
coiTiparativ (5 ch(‘apm\ss of the lat ter p'as it i u- e I , .>o 
is very miudi. mon*. ijommnii. 

Ordinarily a I)allonn is not, eomph’ltds lillt-d at fie- 
it were, since tln^ out.sidt'. pressure, i.s e»»nlijmaU\ dmo:.* 
ascends, the pressnn'. of tlu^ iiisidt^ ga.s would ^ . 

subject tli(3 hag to (morimms strain, ami 
would sundy hurst it befoi't^ it. reached au\ 
considorabhi nJtitud(‘. Hut if it is but par 
tially inflated at t.lu! st^art., it. can iiierease in ' ' 

volume as it ascamds by simply inllaling to ^ \ 
a greater (extent, 'rims a balloon whieh ;m \ 

eeVids until th(‘. ])r(*ssiir(^ is but. 7 eeiitimi'PuH \ 

of mercury shotihl 1x3 only aliout one fourth V 

iiiOated wdum it is tit tin; surface of the \. 

earth, \\ 

The ])arachute stxm lianging fnan the side . 

of the ballDon in Tig. 50 is jl huge undu'ella 3 

like .affair with wliiidi the a(*ronaut may 
sceiicl in safety to thes earth. After opening, ah p,,, ;,j | 

ill Fig. 51, it de,seimds very slowly on aeemmt. 
of the enormous surface exjiosed to the uir. 'bln* Indi- lu tb* 
air to evseape slowly and thus keeps the puvaehnt*- n|-in; 5 .i 










Iirll Nhiiprtl IhhIn whli I'ivnd Willis, wliich sinks of its own 
wripjit. l’‘i»ruirrlv tin* wnrkuu'U who wfiil down in llu* hnll 
li;ui iii thrir disjiusal oni\ tin* iinioiml- td* nir a 

foutiuod wiildn ii, ;iud (hr wulrr rose to ii err- 
lain hri>di( wiihin (hr Indl on ai‘ronn{. of (hr 
rotupi-rN'diHi ol ilir air. in niodiTn pnudiri' „ .. 

ihr air ir. in iVoiii (hr surfari* lhr(Hi!;'h . 

a ronnri'tiu’^ lulu* a { l’‘i;.^. ) Iw nirans of u 

foriT pninp h. ‘I'lns anain»rnH’nt, in iiddilion lu-U *' 

lt» fnrniNldu*.^ a rontiuual supplv of frrsh air, 
lual-O'S il p»i%.-ahlr tt> I’nirr I hf wultT tlowu lo (h(‘ lovtd ol 
thr hoHoui of ihr ludl. In prarlifo a fonlinnal stream of 
hniddri is krpf llowiiio out fi'tmi tlu' lower (‘d«j(* of ihn 
ludh as :.iu»wn in h*ie;. ‘V.k c 
*rhr presstne id’ (he air 

within (he 1«*)1 nne4, td s , ]’ / 

rMttlSiS In- (hi* pl'e’eairi* V\ . h^\ .y 

} tije» \uthin tin* watcn* at ']~l * • ’ 

the ‘h pth id th»' le\ td «d . p ' j: 

the water in idr (he ludh ' j- - • 

(hat i in hdp, .»;! at (he ' f; ; ...a' 

ilepth d ims at a depth *,'* * . \ 

nf hi f»s t the pres aue ^ ' \ 

r. ‘h alm«»spheies, l)ivinp J h 
hells art' Mseil hir pnt v 

in the hinntlatitnni ol . .. . r L 

hut i^e pieis, doting snhat[nt* t i l i I I t I I 1 d 

HUS e\e;UatUiVP ele. 'File Ids. t.us liig liumtliitieim i»i pieJH 

‘ I } with (htMliiviaK Ih '11 

>M ealiefl nnlea n.setl 

ill 1.1 l.iiil.ltii!,':. U -•.itni-lv 11 liii};i' Mtiilioiiiiry diviujji; lifll, 
whi.lt ill.- rlll.T tllliiUirll rn||l]iiirt iiifutH [intvith'il 

willi nil fiKhi (h.Mi.M. Air is jmiiijii'il inlo il, pri'ciscly uk ia 
I'ifj;. ".;i 




A I f*i -i 1 1 1 f 

J 1 I I 1 I I 1 1 1 J 

l*'n., lui. tdisliig leamliitiiaiH i»i‘ i»ien< 
with (la* itivias ludl 


46 


PEESSUHE IN AIR 



Hiiil; 


62. The diving suit. For most purposes, except those of heavy e.ngi- 
neeriug, the diving suit has now replaced the diving hell. 'Ihis suit is 
made of rubber with a metal helmet. The ‘diver 
is sometimes connected with the surface ])y a tula; 

(Fig. 54) through which air is forced down to 
him. It passes out into the water thnnigh tlui 
valve V in his suit. But more coininonly the diver 
is entirely independent of the surface, carrying 
air under a pressure of about 40 atmospluu’e.s 
in a tank on his back. This air is allowed to 
escaj^e gradually through the suit and out into 
the water through the valve v as fast as tlie divei- 
needs it. When he wishes to rise to the. surfaci' 
he simply admits enougli air to his suit to make 
him float. 

In all cases the diver is subjected to the pn‘s- 
siire existing at the depth at which the suit or 
bell communicates with the outside water. ].)iv- 
ers seldom work at depths greater than GO feet, 
and 80 feet is usually considered the limit of 
safety. But in building the bridge over the Mis- 
si.ssippi at St. Louis, Missouri, the bells with tludr dlviU’s \V(M’(; suiik 
to a depth of 110 feet, while a case is on record of a diver who, in 
investigating a wreck off the coast 
of South America, sank to a de])tli 
of 201 feet. 

The diver experiences pain in 
the ears and above the eyes when 
he is ascending or descending, but 
not when at rest. This is because 
it requires some time for the air to 
penetrate into the interior cavities 
of the body and establish equal pres- 
sure in both directions. 

63. The air brake. Fig. 55 is a 
diagram which shows the essential 
features of the Westingliouse air 
brake. P is an air pipe leading to the 
engine, where a compression |)ump maintains air in th(i maiji itylinder 
under a pressure of about 70 pounds to the square inch. It is an auxiliary 
reservoir which is placed under each car, and which comiects witli P 



Fiu. 55. The AVesthighoiisc. air 
brake 
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throu’vU tii«‘ tripli* v.ilw \ . Sn lon^' ns iln* jn*i‘ssnrt‘ from tlio on*;im‘ is 
on in llio I is ojn-n in sih’li n wny lluil' Mun-o is cotn- 

nmni**:iiion in'twriMi /* and A’, Uni. as soon as l.ho pnsssiiro in /* is 
duuini. Ill'll, ritln'r I'V Un* i*n*',ini‘i*r or liy (In' a<*«’i<lonl al hroakini;' of l.ho 
lni;.r i*i HI j *1 i n;'. wliirh ronin'i'ls /* ii'oiii <*ar lo car, t-lic coniprcsscil 
air in /•' opnali's tin* \alvt‘ in I si» a^; (o slinl. <dT I’onncclion hcl.wccii 
fi and /’ and In npim ('« min'cl ion hclwccn /f and iiic (‘vlindcr (\ 'I'lic 
|.i-.lnn // i . thir; ilrivi'n { •owrrfii lly lo Die left, and sds Die brake .slmes 
ac.ain *1 the \vle*el . DiVnie.Dl Die njieralion of levers nllaidied In //. ^Vhen 
il. is d«’ ared to hike nil' Die brakes, pre.svai re is ae,ain Inrned on in I*. 
'riiis nj.t r.it i««n njM'ns j‘ in such a wav as lo jicrinil. Dn' <‘om pressed 
air in f' In escape, and I In' sjirin;;' ,S' Dien jhiIIs back Die brake shoes 
I'l nln t hi' W heels. 

()4, The bellows. l*'io\ oD slmw.s |1 h‘ ronsl nod bui of ilu*. 
nrilinnry hlaoksinil h’s licllnws. W'lioii lli(‘ liaitdlt* o iTsos junl 
the [tnini /» in oonsrijuojice 
hills, tin* \ ;ilvr r opoiis and 
;iir Inun the nntsidi' toitors 
(lie It »\\ IT iM dupaii nioul f y 
W'hen tt is pulled dnw n and 
A fhuN nuulo it» asrond, r at 
nuet* idnses, aiol US ^aHln a..s 
the pressure witliiu has 
risen In the saint' vahit' as 
that maintained in f ^ hy lln* 
woiifhts h\ the val\«‘ nptoi.s ami air |nisse.s I'rnin f'j l.n f'.,. 
With this arrauip'ineiD it will ht' st'en thai the eurri'Ul of air 
whieh issues frnjn f[, tlirnni^h the mr/./dt' i.s enut inimus rjilher 
than iuterniittent, as it wnuht he if then' wt'ia* hub nm* enne 
part meiit and niit' vah i\ 

ii5. Thti mrtiif. ‘The lais ineler is u deviee whieh flilfera litlle in 
|»nnciple th«‘ black amt h’s bellnw s. D:ih Irotn Diecil.y siipplv entiT.’t 

the lurh’i' tbrniiejt /' (kba.dVj and pa'ca's ihnmi'b Die opening's o and 

inin t!ic cnjitpai tiu' nt I /.* ami /.'j of Die meter. Ibs'e its pressure forees 
in the diuplirae.in i d ami */j. 'The jse* already eonlained in .1 and D, is 
therefore pushed tml to the burnt'vs Du’oupji the opeuinji'.s tt' ami nj and 




TfTiiy; 

.1 u u I 






■'H 




I''ne atl. A hhicksinil li’H hellowH 
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PRESSUEE IN AIE 



t.he pipe As soon as tho (liaplirat’'Mi d lias ihovjmI as far as ii r 
the right;, a lever whieh is workisl by luovenuMit- nf d causes Mu* 
valve u to move to tlui left, thus closing e and 
shutting off eonueetiou btdwi'eu P and />’, but. 
at tho sam(‘. tinu*, ojuming (/ aiul allowing t.lu^ 
gas from P to eub'.r com])artnu*nt .1 through o'. 

A (piartor of a eye.le labu* moV(>H t(> the right, 
and eoniK'Cits wiMi P ami wit-h If 
u and were set so as to work c*xa(d.ly t.o- 
g(‘ther, th('ri^ would be slight iliud.uatious in tlu^ 
gas pressure at /\. I'lu^ movenumt of tlu^ dia- 
phragms is r(‘eord(Ml by aeloe.kwork (h‘.vie.(^, the 
dials of whicdi indie.ab*. tin*. numb(‘r of (ud)i(5 f(*et 
of gas which liav(^ passed through tlu^ m(‘b*r, Knn r>7. 'riie giis ; 

QUESTIONS AND PROIiLEMS 

1. Ifovv many of tin*, laws of litpiids and gases <loy(»u lind illust 
in the experinund; of the. C Cartesian div(*rV 

2. Let a siphon of the. form slunvn in Kig. fi.S ln^ made by (ill: 
flask on(‘, third full of watt‘r, c.losing it with a cork through wliiidi 
two pieces of glass tubing, as in thc^ (igun*, and then inverting .ho 
the lower (uid of th(\ straight tiib(\ is in a <lish of wahu-. If the bent 
is of conHidcu'abh^ length, tln^ fountain will ]day for«*ibly 
and continuously until tlu^ dish is (Mnpti(‘d. Lxphiin. 

3. Ihnuimatie dispatcdi tub(‘s an^ now used .in many 
larger stores for tlu^ transmissiotn of small ]»3iekages. An 
(exhaust pump is attae.lu'd to om^ (‘ud of Uu^ tidw^ in whieli 
a tigldily fitting (uirriagc*. moves, and a (‘(nnjiression pump 
to tho othew. If tli(^ air is half (^xluiustinl on onc^ sich^ of 
thec.arriag<g and luis twic(^ its normal density on the other, 

And the propcdling fonu*. acting on tin*, carriagi^ wlum Mie 
area of its e.ross section is 50 H<p cm. 

4 . Ihiseal iirov('d by an (‘X,p(‘nm(‘.nt that a siphon would Kun 
not run if tln^ ls*ml in t.ln^ jirm w(we more tlnin 34 ft. alawe 

the upp(u* water hivel. Ib^ imule. it rim, however, liy imdining it sidf 
until tlu*. Ixuid was less tluin 31 ft. jibovi* this l(*v(*L ICxphuu. 

5. If th(% cylinder of an air junup i.s of tln^ sanu' si/.e as the recc 
wind; fractional pjirl. of tlu^ air is nunoved byoju' (*ompleti* slrokt^ V \ 
fractiomil ])art is hdt after 3 stroki'sV Jifti‘r 10? 

6. If the cylinder of an fiir pump i.s one, third thi‘ .size of tlie r<*cc 
what fractional part of the original air will be hdt aft(*r 5 atro 
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What will a barometer witliiu the I'eceiver read, the outside pressure 
1)0111”’ 70? 

7. Tluun-etically, can a vessel ever he completely exhausted by au 
air puiu]>, eviMi if mechanically perfect? 

8. Why, ill pumping’ water, is more and more force r<?qijired at each 
.sue.cc'cdiTpg stroke until the water begins to flow? 

9. If tlie air in the air dome of a lire engine is reduced to one tenth 
of its normal volume, uiuler what pressure is the water at the mouth of 
the nozzle ? 

10. What is the lifting power of a balloon which is filled with 
hydrogen and has a volume of 1000 cu. in.? (Take the weight of air as 
1.2 g. pin* liter and that of hydrogen as one fourbienth that of air.) 

11. Prc‘.Hsure tests for boilers or steel tanks of any kind are always 
made by lilling them with water ratluir than with air. Why? 

12. I f the cylinder C (Pig. 55) has a diameter of 8 in., what is the 
force applied to the brakes at //? (Take the pressure in C as 701b. 
per sip in.) 

13. When will a balloon cease to rise? 

14. If a diving bell (Pig. 52) is sunk until the level of the water 
within it is 1033 cm. beneath the surface, to what fraction of its ini- 
tial volume has tlie inclosed air been reduced? (1033 g. per sq. cm. = 
1 atmosphere.) 

15. If a diver’s tank has a volume of 2 cu. ft. and contains air under 
a pre.ssure of 40 atmospheres, to what volume will tlie air expand when 
it is rehuiHiid at a depth of 34 ft. under water? 

16. 1 f th(i wat(>r within a diving bell is at a depth of 1033 cm. beneath 
the snrfac.e of a lake, what is th(3 density of the air inside, if at the sur- 
face the density of air is .0012 and its pressure 76 cm.? What would 
be the reading of a haraiiieter within the bell? 


CITAPl^ER IV 


MOLECULAR MOTIONS 
Kinktkj Tmkouv of (tASES 

66. Molecular constitution of matter. In order to account 
for some of the simplest facets in nature, — for example, the 
fact that two substances ol’teu apparently occupy the same 
space at the same time, as when two gases are crowded together 
in the same vessel, or when sugar is dissolved in water, — it 
is now universally assumed that all substances are composed 
of very minute particles (jailed violecules. Spaces are supposed 
to exist between tlitjsc mol(‘,enl(js, so that when one gas enters 
a vessel wliieh is already full of anotber gas, the molecules of 
the one scatter themselves about among the molecules of the 
other. Sin(.te niolevnles cannot be seen with the most powerful 
microscopes, it is evident that they must be very minute. Tlie 
number of them contaiiuid in a cuibicj centimeter of air is 27 
billion billion (27 X 10^”). It would take as many as a thou- 
sand molecules laid sidtj by side to make a speck long enough 
to be seen with the besi/ microscoperS. 

67. Evidence for molecular motions in gases. Certain very 
simple observations lead ns iio tlicj e.oiHjlusion that the mole- 
cules of gases, even in a still room, must be in continual and 
quite rapid motion. Tims, if a little chlorine, or ammonia, 
or any gas of powerful odor is introduced into a room, in a 
very short time it will have l)ee.()me perceptible in all parts of 
the room. This shows (dearly that enough of the molecules 
of the gas to effect the olfatjLory nerves must have found 
their way across the room. 
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Again, clieniisls tell us that if two globes, one containing 
liydvogciii and the other carbon dioxide gas, be connected as in 
Fig. 5i) and the stopcock between them opened, after a few 


hours chemical analysis will show that each 
of th(‘ gl()bi\s contains the two gases in exactly 
tlu\ sanui proi)()rtions — a result which is at 
llrst sight, very siuprising, since carbon diox- 
ide gas is abt)ut twenty-two times as heavy 
as hydrogen. .Tins mixing of gases in appar- 
ent violation of the laws of weight is called 

We S(H^ tlum that such simpl(‘. facts as the 
tninsler(‘.ue(*, of odors and the diffusion of 



gasi^s furnish vcny convincing evidence that Fuj. 50. illustrat,- 
the mohuiiiles of a ga,s are not at rest, but diffusion 

ar(‘, e.ont.nnially moving about. 

68. Molecular motions and the indefinite expansibility of 
a gas. F(*.rha))S the most striking property which we have 
found gasi^s to poss(‘,ss is the property of iiidehidte or iinlini- 
ii,(ul (‘,x[)ansibility. 'V\n) (ixistencci of this property was demon- 
strate.d by l,lu‘, faclr that wi‘. werti able to obtain a high degree 
of exhausl.itm by nuuins of an air i)nmp. No matter bow much 
air was rtunovcul from the hell jar, the remainder at once 
(‘-X])andi‘d and filled tlui (mtire vessel, lii fact, it was only 
bec-a-iisc. of this pro[)(n*ty that the air pump was able to perform 
its functions at all. 

In ord(n‘ to (‘.X))lain th(‘.se facts it \is(id to be assumed that 
tlui mokuuih‘,s of gases exiirt mutual repulsion upon one 
anoth(>.r. This tluioiy lias now, liowever, been completely 
abandontul, for it has l)e(m (ioucliisivcly shown that no such 
lUipulsioiuH (*,xist. The motions of the molecules. alone fiiridsh 
a thoroughly satisfactory explanation of the phenomenon. As 
soon as tluj piston of the air pump is drawn up, some of the 
molecules follow it because they were already moving in that 
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and iml- on acntniid ol :iii\ ri-piilsion cXiTlfd i 
tluim by {]\v. inoU'tMilt's btdow. 'Tlir j«lH‘nniurin*ii is j.ivr 
the siuni^ as that, illusirabsl in Kin;. :Vj, wlinv tiu* tsirlum tlii 
iuul(‘(*iih‘s uaiM'd n|> inln tlw rniUainiiMf h\din 

only ill Mic. lallri* casi' llin (i|H*ialinn (odk nitirli muir 
bccausi^ ilu' iijn\ard nioliuii nl tIu* rarbutiir ai-id nudfi 
was liindi'i’i^d by (‘nllisinns willi tin* li\tlrn'‘rii uiulfru Ir ., 
d'lic, fa, cl. Ihal, liowt'ViT i’aj>i(l}\ llic pisltiu nl tin* air jiini 
drawn iiji, i^'as always a}»|icars to lollnw it instantly, Irad 
U) (.hr. coiiclusioii (hat (hi* iia(ni*al \clo<-il\ [Mis-asssod by 
inol(‘c.ti l(‘s of o’ns nuisi. be very (suisideraldi*, 

69. Molecular motions and ^^as pressurt's. If tin* inolee 
of teases do iiol. ri^[itd oiu* another, bow att‘ we to aeeouni 
l.luvrae.t that o*ases exert- sneh pressures as they do au.ainst. 
walls of (he vessids which contain them? We ha\»* fo 
tlait ill an ordinary room the ait* ]»n*,SNes ae.aiiist the w 
W'it.li a Forets of lb pounds to the square liieh. W'ithiii 
automobile, tin^ this jiressure may amount (o a.s much a » 
pounds, and tbi^ shaun |)ressnre within the lioiler of ati rin 
is oFt.iai us hio’h as 2’lt) pounds pm* sipiare inch, \ et m 
tliest^ (tases we may he eertain that (lie nmlet nles of (he 
art'. ,separut(‘d Frmn each otlaa* hy di.Nlanee'. u hu h are larq 
e.om|)arison wil-h the diameters of the nudemilrN; forwlieti 
rediieu sttaim to water, it shrinks to t»f its original 

nine., and when we reduei* air to tin* liqnii! form, it shritdw. 
about of its ordinary volume. 

'riie explanation is at, onee apparent uhmt Uf’ refletU u 
the motionH of lln^ moleeules, h'or jttsf as a stream of ui 
partieles irom a liost* (*\erls a eontinuous lorei’ urqtiu'U a v 
on Nvhieh it strikes, so the blows whii-h the inninm'rahh* m 
eul(‘s of a jj^as. vStrik(‘ a^minst tlu’ walls of the einilniuiu^': vej 
must (‘.oustatut.i^ a eoutiiiuous force Itaidinif to push on! ll: 
walls. Indeed, when \Vi^ up the wholly unteimlile m>l 
of molecular reptdsions, there, is m» <»llier wav in wliieh 
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nan juuionni- for Uio fiint tliat vessels containing only gas — 
balloons, lor (‘Xjunj)lc^ — ~ do not nollapse under the enormons 
exi.(‘i‘nal pr(‘ssiirt‘s to wliicli wo know tliem to be subjected. 

70. Explanation of Boyle’s law. It will be remembered 
that it wa.s disc'ovcnHMl in the last ebapter that wbcn the den- 
sity of a. gas is doubltid, the temperature remaining constant, 
ilu‘ pr(‘ssiiri‘, is round to double also. When the density was 
tnd)l(‘d, th(^ ju'essnuj was treblcMl, etc. This, in fact, was the 
ass(‘rtion of EoykTs law. Now this is exacdly what would be 
i*xpe(!i.(‘d if (lui priussurci whie.h a gas exerts against a given 
surfiiet', is due to blows stnu‘.k by an cmormous number of 
swifl-ly moving mok‘(uil(‘.s ; for doubling tlie number of mole- 
cules in tlu‘. given spa(Mi — tliat is, doubling the density — 
woukl simply double the number of blows striudc jmu* second 
ngn.inst tlnit surfae(^, and, hence would doulde tlju pressure. 
Whih^ ibe kinetic th(U)ry of gascis whicdi is litu'e presented 
a.e(‘.ounl.s in this shnplii way for Hoyki’s law, the theory of 
mol(‘cular n'.pulsions e,annot be reconciled witli it. 

71. Brownian movements and molecular motions. It has 
n'.etmtiy luam found possibk^ to dcntionstrate tlie existenee of 
niolee.uhir motions in gas(‘s in a very direct and very striking 
way. It is found tlait V(uy minute oil dj’ops suspended in 
pi‘,rf(H‘Uy sl.agnant air, instead of l)eing themselv(is at rest, arc 
(•(‘as(de.ssly dancing about just as though they were endowed 
with lif(‘.. It has now been delinitely proved (191.3) tliat these 
motions, whi(!h are known as tlu', Jhonymmi 7nove7}i(miH^ are the 
dinu'.t nrsult (»f th(‘- bombardnuuit wliicli the droplets recuuve 
from llu* (lying nu)lec,nles of tlu^ gas with whicli they ani sur- 
round(»d ; l‘or at a given insi.antthis liombardnumt is not tho 
sanH‘. on all sidt^s, and lumc.t^ tlu^ suspcnubul })article, if it is 
minut(‘. ('Hough, is ])uslii*.d Iiillun' and thitlnu’ as the resultant 
rorc(‘. is (irst in one din^c.tion, tlu'.n in another. Diminishing 
citlu'r the si/.ti of the. drops or the density of the surrounding 
gas imu'iniHes the violence of the motions, tlio lirst because a 
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body is inori' I'lisily luovod tliaii u hisu \ oiu*, tho sov 
l>o(*auso ii )) 0 (ly(Hin‘ S(‘l. in motitui is nimvijuirlvly sii.ppiM 
a (U‘iist‘. <^’as (hiui by a vi'ry raro nnr. At a pffssurr* t»l 
a.l.nios[)li(‘n‘ ilu*. daiuMiiL;' motiniis iit' small dr«‘j's is rxc'crdii 
strikiiio'. Tlu‘n^ can \n\ m» dcaibt, lln*n, 1 hat \\ hat tlir (til di 
an^ \unv. stuai lo l)i‘, tloiiii;', fla* inoltM-ulfs t hcmstdvrs arc 
doiiic^, only in ii inui'h nion* li\(dy way. 

72, Molecular velocities, h'rcan the known wi-i^dit of a ci 
(U‘nt.inu‘l.(‘r of air timh'r normal com lit Imis, and t la* km»w ii f( 
which it(nx(‘r(s p(‘r s(jti;irc ccntimctci*. namely, Itnhl pi’;] 

is possible to calctilalc the velocity which its nuiha’i 
ninst j)ossi‘Ss in onhn’ that- (law may jtroilucc Iw their colllsi 
ao;ainsl. ila* walls (his amoind. of forc(\ k'lirthcis sim-c a ei 
(uad-inud.cr of hydrogen w hich is in condition ht e\rrt tin* s; 
prcssni’(‘, as ti. cnhic. ceiitimcler of air wi‘ic;h; only one ft 
i,(*(uil.h Jis mnch tis the air, it. is c\idcut that the hydro 
mo](Haih‘.s nnisl. bi' moving much natn* rapidly than tla* 
nioUaaih'.s, or (dsi' they ctinld not exert the same press) 
Tlu‘ rtxsulli of tla^ ealeii la,l ion p’ives to the air moieenlt‘s tut 
normtil ('omlil-ions a vidoeity »»f about I lo m(*tct-. jtei* seia 
whih^ it tissie'iis to (he liydrop-m molccnhs the t*norm 
s[)i!(al of 1700 mi*li‘rs (a mih') per seeumL The sp(*ed i 
('.tinnon htill is seldom <p*(‘ater tlian SOM meter-* c liottt) IV 
p('.V stHsaid, It. is <''asy (o see then. ,*dm*e the moleenh*S 
c^asixs tirt^ (mdo\\'ed with such speeds, wliv air, lor exani] 
(^xpjinds instanl.Iy inlo the s[)aei’ left behind b) (be ris 
piston of lbt‘. tiir ]mmp, *and wb\ an\ **as atwa\r. tills et 
plote-ly th(‘- V(‘SS(d w'ldeh eoiiiains it. 

73. Diffusion of gases through porous walls. Stifon^ t 
(l(me.(‘. for tlitt (sjrreetmxss of I la* above views is fnrnisbtMl 
th(‘ following expi'rimenl- r 

Lei. a jHjrous (Sij» of ttiigia/e<l earlle'jjw ,iO’ }.* a mj 

i.lirough wliidi a gbiss lalu^ paH ir*. ,i . m l i fai p, f ftj,- \ 
1x5 <lipp(‘<l inI'O a dish uf f(d(ii’e(l vvut‘’r, utid a jai rMui.uiuu/, hvdre 




Jam i.:s Cl]*’. rk-M.'VXwi5i.l 

(18:il-187‘.)) 

Ono of Uio jj;ro;Lti^st of msillujinjil-i- 
(•:il i)liysic,ist.s ; Lorn 
S(^ol.l:in(l ; ])rof(‘s.sor of n;it.m*jil 
liliiloso|>ljy ill, IMnrisc.lial 

in iSol), of j>liysic.s ainl 
iish'ononiy in Ivinfjfs Lon- 

don, it) LSIII), toxl of <‘.\|j(*rln)(*nl;il 
jtliyHicH in (’aml)ritljj;o I! niviirsil.y 
from 1.S71 1.0 l.S7{> ; oiio of (lin most. 
promiinMil. lii^nvos in Un> lUnadop- 
nn'nt, of tin* kiiiniic, 1ln*ory of 
|i;!ts(*s ami tlu) nmidianioal thcsory 
of !n*.'it ; iinllnn' of llu^ (*lo(*,tro- 
inii^imtic, lln'ory <if liij^ht — ti tlxi- 
ory wUiidi lias bcrcniu^ tin* htisis of 
im.’irly all jTiodorn I Imond-it^a! ^voidc 
in olmd rir.il.y and opl iits (son p. 41(1) 






HKIKUK’U lllIDOMM! 1 1 KltTZ 

(ISoT-lSlIl) 

Oin^ of (lu^ niosl. In’illi.'uil. of (ior- 
imiii idiysirists, who, in spitt* of liis 
I'tirly tlojith :lI. (In*, af^e* of Miirly- 
sovmi, imnlo nottihU* <‘on( rilnil ions 
lo I lu'orol ical physics, tiinl left ho- 
ld ml I lie 1 ‘poch-maliinfjr rxporiim*))- 
lal discovery of t ho ('lcc*( roma^?md.i<*. 
w.'ivos pnxliclcd hy IMaxvadl. Wire- 
less lelcKnijiiiy is hnl. an applhai- 
(ioii of (his disc(»ve.ry c)r so-c.jillotl 
*' llc.iM/itin” waves (scop. -lid), d'ho 
capital discovery Unit iilt rji-violol; 
li(j;lit iliscluiriii's m'fjfatlvidy (dmd.ri- 
lleti bodies is :ilso dno lo Uortz 








‘iip as rlu'iv aiv air lii* - 
I insult-, tlu* 
will strike the eutslsle t«f thf 
-- Its frequently as tlu* air iiu *]»-t;;iIi.-s 

the iiisule. Hence, in a glveii Fiu,u\ i.cff.... : 

of hydrtJgeii nuceeules •••-• = 

inttt tile iliteru *r ttf tile cup 
• : .v- little Lnles ill tile peri.ms iiiatt-rlal will ]#• h;;ir 
as tilt* iiuinher ef air parliclt-s w'hielt e:;r. 

. i is thus gaining ninleeiiles faster tluiu ii is l:.s- 

.. ;iicl siin-e the pressure nf ii giis at a givt-n 
: ^'MiiUied snlely hy the nuinlx*r of ninh^rules which 
.dialing the wuill, the inside pressure must im re.tse 
: i 1 iiuIhu* per eiilae ceiitiiiieter inside is sa niucli larger 
titiiiilier outside that molecules |>iiss out as ta>t a.> 
- itp When the Ixdl jar is reiimved the lodn-gt-n 
- |>assed inside now Ix^gins to pa^s out faster than 
’ u- air passes in, and lienee the inside pressure is 
- 1 . 

mperature and molecular velocity. I’he t-tfecis whu h 
w'hen a gas Is heated furnish further evidence 
iioleeules are in motion. 
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light body is more easily moved than a heavy one, the { 
because a body once set in motion is more quickly stopj 
a dense gas than by a very rare one. At a pressure ( 
atmosphere the dancing motions of small drops is excee 
striking. There can be no doubt, then, that what the oil 
are here seen to be doing, the molecules themselves ai 
doing, only in a much more lively way. 

72. Molecular velocities. From the known weight of a 
centimeter of air under normal conditions, and the knowr 
which it exerts per square centimeter, — namely, 1033 ^ 
— it is possible to calculate the velocity which its mol 
must possess in order that they may produce by their col 
against the walls this amount of force. Further, since a 
centimeter of hydrogen which is in condition to exert the 
pressure as a cubic centimeter of air weighs only one 
teenth as much as the air, it is evident that the hycl 
molecules must be moving much more rapidly than t 
molecules, or else they could not exert the same pre 
The result of the calculation gives to the air molecules 
normal conditions a velocity of about 445 meters per s( 
while it assigns to the hydrogen molecules the eno] 
speed of 1700 meters (a mile) per second. The speec 
cannon ball is seldom greater than 800 meters (2500 
per second. It is easy to see then, since the molecu! 
gases are endowed witli such speeds, why air, for exa 
expands instantly into the space left behind by the 
piston of the air pump, and why any gas always fills 
pletely the vessel which contains it. 

73, Diffusion of gases through porous walls. Strong 
dence for the correctness of the above views is furnish 
the following experiment: 

Let a porous cup of unglazerl earthenware be closed with a i 
stopper through which a glass tube passes, as iu Fig. 60 . Let th 
be dipped into a dish of colored water, and a Jar containing hyc 
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James Clerk-'VLvxwell 

08 :n-lS 79 ) 

One of the greatest of mathemati- 
cal physicists ; horn in Kdiiihurgli, 
Scotlaiul ; professor of natural 
philosophy at INIarischal College, 
Abertleeji. iji 1S5G, of physics ami 
astronomy in Kings College, Lon- 
don, in ISGO, and of experimental 
physics in Cambridge LTniversity 
from 1871 to 1879 ; one of the most 
prominent figures in the develop- 
ment of the kinetic theory of 
gases and the meclianieal theory 
of heat; author of the electro- 
magnetic theory of ligld — a the- 
ory which has hecome the basis of 
nearly all modern theoretical work 
in electricity and optics (see p. 41G) 


UETKRiCH Rudolph Hertz 

( 1857 - 1804 ) 

One of the in<»st hrilliant of Ger- 
man physicists, who, in spite of liis 
early death at the age of thirty- 
seven, made notable contributions 
to theoretical physics, and left be- 
hind the epoch-making exi)eriineu- 
tal discovery of theele(dromagnetic 
waves predicted by IMaxwelL Wire- 
less telegraphy is hut an applica- 
tion of this <lls(M)Vcry of so-called 
'’Hevtzinu” waves (see p . 413) . The 
cai)ita] discovery that ultra-violet 
light tlischarges negatively electri- 
zed bodies is also due to Hertz 
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placed over the porous cup, or let the jar simply be lield in the 2:)osition 
shown in the figure, and illuminating gas passed into it by means of a 
rubber tube connected with a gas jet The rapid passage of bubbles out 
through the water will show that the gaseous pressure inside the cup is 
rapidly increasing. Now let the bell jar be lifted, so that the hydrogen 
is removed from the outside. Water will at once 
begin to rise in the tube, showing tliat the inside 
pressure is now rapidly decreasing. 

The explanation is as follows: We have 
learned that the molecules of hydrogen have 
about four times the velocity of the mole- 
cules of air. Hence, if there are as many 
hydrogen molecules per cubic centimeter 
outside the cup as there are air molecules 
per cubic centimeter inside, the hydrogen 
molecules will strike the outside of the wall 
four times as frequently as the air molecules 
will strike the inside. Hence, in a given Fig. GO. Diffusion of 

time, the nninber of hydrogen molecules through 

... . , . . p , porous cup 

which pass into the interior or the cup 

.througli the little holes in the porous material will be four 
times as great as the number of air pouticles which pass out. 
Since the inside is thus gainmg molecules faster than it is los- 
ing them, and since the pressure of a gas at a given tempera- 
ture is determined solely by the number of molecules which 
are bombarding the wall, the inside pressure must increase 
until the number per cubic centimeter inside is so much larger 
than the number outside that molecules pass out as fast as 
they pass in. When the bell jar is removed the hydrogen 
which has passed inside now begins to pass out faster than 
the outside air passes hi, and hence the inside pressure is 
diminished. 

74. Temperature and molecular velocity. The effects which 
are observed when a gas is heated furnish further evidence 
that its molecules are m motion. 
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Let a bulb of air B be connected with a water, manometer as in 
Pig. 01. If the bulb is wanned by holding a Hunseii burner beueatli it, 
or even by placing the hand upon it, the water at m will at once begin 
to descend, showing that the pressure exerted by 
the air contained in the bulb has been increased 
by the increase in its temperature. If B is cooled 
with ice or ether, the water will rise at m. 

Now if gas pressure is due to the bom- 
bardment of the walls by the molecules of 
the gas, since the number of molecules in 
the bulb can scarcely have been clianged 
by slightly heating it, we are forced to 
conclude that the increase in pressure is 
due to an increase in the velocity of the 

molecules which are already there. The ^ 

£ ♦ In -e Fig. 01. Expansion 

temperature oi a given gas, then, trom the air by heat 

standpoint of the kinetic theory, is deter- 
mined simjDly by the mean velocity of the gas molecules. To 
increase the temperature is to increase the average velocity of 
the molecules, and to diminish the temperature is to diminish 
this average molecular velocity. The theory thus furnishes a 
very simple and natural explanation of the fact of the expan- 
sion of gases with a rise in temperature. 



QUESTIONS AND PROBLEMS 

1 . Autoinolhlo. tires are pumped up to a pressure of 80 lb. per sq. in. 
W'hat is the density of the contained air? (1 atmosphere = 14-.7 lb.) 

2. If a vessel containing a small leak is iilled with hydrogen at a 
pressure of 2 atmospheres, the pressure falls to 1 atmosphere about 
4 times as fast as when the same experiment is tried with. air. Can 
you see a reason for this? 

3. A liter of air at a pressure of 76 cm. is compressed so as to occupy 
400 cc. What is the pressure against the walls of the containing vessel ? 

4 . If an, open vessel contains 250 g. of air when the barometric height 
is 750 mm., what weight will the same vessel contain at the same tem- 
perature when the barometric height is 740 mm. ? 
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5. Tlio density of air is .001203 when the temperature is 0° C. and 
the ]»ressnre 7() cm. How hir^’o must a vessel he to contain a kilogram 
of air when tlu' temiKvrature is 0° C. and the pressure 75 cm. ? 

6. On a day on whicli the barometric height is 70 cm. the volume of 
tlici s[)aee above the mm’cury in a Torriccdli tube is 10 cc., and on account 
of air in this space the mercury in the tube stands only 71 cm. high. 
How high will the mercury stand above the cistern if the tube is pulled 
u|> out of the dish .so that the space above is 20 cc.? 

7. Find tlu' jiressun^ to which the diver was subjected who descend(*d 
to a depth of 20l ft. Find the density of tlie air in lus suit, the d(msity 
at th('. surfac(*. be.ing .0011 8 and th(‘- teniperatiin* lanng a.ssumed to remain 
constant, ''rake-tlu*. ])resHnr(^ at the surfac(‘. as 75 cm. 

8. A bubble of air whi(di (\s(uiped from this diver’s suitwouhlincrea.se 
to liow many times its vt)lume on re.aeliing the surface? 

Moi..FCin,AR Motions in T^iquids 

75. Molecular motions in liquids and evaporation. Evidence 
that Uic molecules of licjuids as well as tliose of ga-ses arc in a 
stalls of perpetual motion is found, first, iu the familiar facts 
of (wapora-tion. 

We know-ilia, t tli(5 molcenlos of a licpiid iu an open vessel 
are (uaitiimally passing off into tlio spacci above ; for it is only 
a, maltia* of tinui wlu'.ii the ]i(]uid (uimpletcdy disa,ppcars and tlie 
vessid bc.c.onu's diy. Now it is ha,rd to imagine a way in wbieb 
tlui mohuuil(‘s of a licpiid thus pass out of tlie lupiid into the 
spacAUtl)ov(‘.,unh^sstlies(‘, mol(‘cii]t‘,s, wliil(‘Jutlieli(]nid condition, 
ar(^ in motion. As soon, howevc.r, as sm^b a motion is assumed, 
the facds of (wa-poration Ihuhiuh^ pcirfcctly iutelligilile. For it is 
1,0 be exp(U‘.t(ul that in the jostlings and collisions of rapidly 
moving li(juid mohumkvs an (Kuuisional molecule will acupiire a 
vtdoc,i(,y mncJi guuibn* than tlu‘. avei'age. 'riiis molecule may 
tluai, b(u*,auH(‘. of the iinnsua,! S[)e(ul of its motion, break awa,y 
from the atti'ac.tion of its mughbors and fly off into tlie space 
above. Tliis is indeed tbe me(*.hanism liy wliicli we now believe 
that tbe process of evaporation gties on from tbo surface of 
any liquid. 


58 


MOLECULAE, MOTIONS 


76. Molecular motions and the diffusion of liquids. One of 
the most convincing arguments for the motions of molecules 
in gases was found m the fact of diffusion. But precisely the 
same sort of phenomena are observable in liquids. 

Let a few lumps of blue litmus be pulverized and dissolved in watei*. 
Let a tall glass cylinder be half filled with this water and a few drops 
of ammonia added. Let the remainder of the litmns solution be turned- 
red by the addition of one or two cubic centimeters 
of nitric acid. Then let this acidulated water be 
introduced into the bottom of the jar through a 
thistle tube (Fig. 02). In a few minutes the line of 
separation between the acidulated water and the 
blue solution will be fairly sharp ; but in the course 
of a few hours, even though the jar is kept j^erfectly 
quiet, the red color will be found to have spread 
considerably toward the top of the jar, showing that 
the acid molecules have gradually found their way 
toward the top. 

Certainly, then, the molecules of a liquid 
must be endowed with the power of independ- 
ent motion. Indeed, every one of the arguments for inolee- 
ular motions in gases applies with equal force to liquids. 
Even the Brownian movements can be seen in liquids, thougli 
they are here so small that high power microscopes must be 
used to make them apparent. 

77. Molecular motions and the expansion of liquids. The fact 
of the expansion of gases with a rise of temperature was looked 
upon as evidence that the molecules of gases are in motion, the 
velocity of this motion increasing with an increase in tempera- 
ture. But precisely the same property belongs to liquids also. 

Thus, let the bulb (Fig. 63) be heated with a Bunsen burner. The 
contained liquid will be found to expand and rise in the tube. 

It is natural to infer that the cause of this increase in volume 
is the same as before ; that is, the velocity of the molecules 
of the liquid has been increased by the rise in temperature, 



. 62. Diffusion 
of liquids 
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and they have therefore jostled one another farther apart, and 
thus caused the whole volume to be enlarged. According to 
this view, then, an increase in temperature in a liquid, as in a 
gas, means an increase in the mean velocity of the 
molecules, and conversely a decrease in temper- 
ature means a decrease in this average velocity. 

78. Evaporation and temperature. If it is true 
that increase in temperature means increase in 
the mean velocity of molecular motion, then the 
number of molecules which chance in a given 
time to acquire the velocity necessary to carry 
them into the space above the liquid ought to 
increase as the temperature increases ; that is, 
evaporation ought to take place more rapidly at 
high temperatures than at low. Common obser- 
vation teaches that this is true. Damp clothes pansion of'a 
become dry under a hot flatiron but not under liquid 

a cold one; the sidewalk dries more readily 

in the sun than in the shade; we put wet objects near 

a hot stove or radiator when we wish them to dry quickly. 

PnoPEKTins OF Vapous 

79. Saturated vapor. If a liquid is placed in an open vessel, 
there ought to be no limit to the number of molecules which 
can be lost by evaporation, for as fast as the molecules emerge 
from the liquid they are carried away by air currents. As a 
matter of fact, experience teaches that water left in an open 
dish does waste away until the dish is completely dry. 

But suxDpose that the liquid is evaporating into a closed 
space, such as that shown in Fig. 64. Since the molecules 
which leave the liquid cannot escape from the space S, it is 
clear that as time goes on the number of molecules winch have 
passed off from the liquid into this vSpace must continually 
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iiHjreast', ; in oiluM* words (h'li.sit v »)!’ tlu‘ \ n[H»r in 
grow gri.‘iii.t‘r iviul gn‘ali‘r. Ihil. (hrrr is an ahsnlulrly ( 
liinit to tlio (li'iisily which (ho v:i[Hir can adain. I'\»r, i 
as it; nvacluus a cciiaiii vahns (h‘|H‘inlini>' on Ihc Icinjii 
aiul oil {\\i\ nature, of the. litjuich the inunht'r (»(’ luo 
returning [>in* scu'oinl to the li(jni<l surlacc will hr ( 
to the. innnhtu’ es(‘aping* The vapor is 
thou said to lu', / 

If tlu^ density of tlii* vapor is lessened icni 1 < 

]>orarily by incnaising ih(» si/.e <»(’ the vi-ssi‘| .S’, 1 

nior(^ inolec.uli's will escaja' IVtan (he liijuid [»cr I 
S(U‘ond than rt'turn to it until tin' densi(\ of 

1 1 • 1 • j ■ ♦ 1 > * I'Ss. . n 1 . 

the va])or has regaiiunl its original value, \ 

If, on the. otlun' hand, thi* densit y of the \ apor 
has Inuni inen‘ased by compri‘ssing it, more molecules ri't 
tlu^ Ii(]uid per S(‘cond than I'scaju*, and the densi(\ of (he 
falls ((uickly to its saturattsl " valiu'. \\“t‘ learn, (hen, tl 
(lv}iHUy (if ihc H((i untied ntjinr <ftt Ihfuid ti* /icuda tui ihc in, 
turc (tloJic, (tnd ntfuiai he (tfcricil hi/ duaujes in ruhniic, 

80. Pressure of a saturated vapor, dust us a p;as 
pn^ssure tigainst (lit^ walls of the containing V(*.ssel h 
blows of its iiioving njol(‘cn les, so also does a conlincd \ 
But at any given teiuperaturi* the density o|’ a saturated 
('.an hav(‘. only a (h‘Iinit(‘ value, dial is, (hen* tsm be o 
dehuitu uuinbiu* of molecules ]a‘r ruble eeiuiuieter. It 
lows, therefore, that just as at. any (eui[»era(urc (he saiu 
vapor eau hav(‘ only oiu! density, so also it can have nub 
pressure. 'This pressun'- is callisl (he prcHmirc tf ihr Hufii 
VitjHiV c.orrespoiidiug to tla* given ti‘in[H*raiurc. 

bet. four Terrieelli tahes in* .si-t. up in iij ilU, uml witli the j 
a (Uirvc‘(l pipi'Ue (Idg. lie) lf*(. a drop nf .ahrr l.r iiUoMlucnl ini 
ia^UjUiii (if tului /, ^(’his drop will at. oin’r rihe {n the !i»p aad a p» 
of it will evaporate lalo Mie vacuum wliirh uhevc fhc mci 

Thu pn-HHure t)f tliiH vapor will (ursh tlouu tlu' aten-ury ci»luma, aa 
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number of ceuti metiers of this depression \vill of course be a measure of 
tlie pressure of the vapor. It will be observed that the mercury will fall 
almost instantly to the lowest level which it will ever reach — a fact 
which indicat(‘s that it takes but a very short time for the condition of 
saturation to be attained. In the same way let alcohol and water be 
introduced into tubes and 3 respectively. 


While the pressure of the saturated ether vapor at the 
temperature of the room will be found to bo as much as 40 
centimeters, that of alcohol will be found to be but 4 or 
5 centimeters, and that of water 
only 1 or 2 centimeters. 

Lot a Bunsen flame be passed quickly 
across the tubes of Fig. G5 near the upper 
level of the mercury. The vapor pressure 
will increase rapidly in all of the tubes, as 
shown by the fall of the mercury columns. 

This will he especially noticeable iu the 
cas(5 of the (‘th(‘r. 

The cxpcrinuuit proves that both 

the priissure and the density of a 

SJitiirated vapor imtrease rapidly 

with the tem[)orature. Tliis Avas 

to have been expected from our 

tlieory; for iuereashm the temper- Vapor pressures of 

, . . , . , saturated vapors 

ature ol tlui liquid inereases the 

mean velocity of its molecules aud hence increases the num- 
ber which attain each second the velocity necessary for escape. 

Let air be introduced into tube 4 until the mercury stands at about 
the same height as in tube 1 , Let pieces of ice be held against tubes 1 
and 4 near the top of the mercury. The mercury will rise iu both, but 
much more rapidly in thci ether tvd)e than in the air tube, thus showing 
that the etlier vapor is condensing. 

Tlic experiment shows that if the temperature of a saturated 
vapor is diminished, it condenses until its density is reduced 
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to that eom'spondino^ to saturation at llu* luwau* l(‘mp< 
Ilow ra[)i(ll 3 ^ tlii^ diMisity and pressure t»r saliiralinn i 
with teiui)eraturu may 1 m‘ S(*i*n tnan (Ik* tnllowinLC laht 

'rAin.K OK ( 'oNSl'AN rs Ul-’ SATrUAIJO \\ A ! I- u \‘ai’u; 

’riio. sljnws Mn* [in'sstin' \\ in niinimt>(t*rs nl nii-nnn v, and 

Kit.y I) (»r aqiU'onw vaptir saluralfd al. (nuiM'radnf.s t ' ( *. 
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81. 

The influence of air 

on evtipuraliou 

. \Vr 

nhsu 

V\ IS 


\vlu‘U adroj) of (dhor was insortml inti» a 1’orriridti tuhr t la 
cany foil vrrj/ Hmlilcnljf to its (hiul [HJsilttau shuwiui^ ilia 
vaouuiu tla^ oondition of saturation is nan*hod almost inst; 
Tills was to havi^ lioon oxpi'otod fi-oni tin* vtdoritios ^ 
W(i found th('. inohaailos of o'usos nml vapors to possoss. 

In nr(l(‘r tn .sno wlutl. ntl't'nl. ilin i») nir «»v:ijh)I 

Inii a <lrn[> nf (‘(.her Im* ialrdduccd tutu a MNnairrUi tuhu whndi is 
with air. 'Tin' tiM'iHairy will unt. imw Im* futunl lu .sinlv iitN>tai 
its (hud l(«vol as it. did hufum, Imt ultinnupi it will full rapidly td 
it will (smtinuo to fall stjwly fi»r snvural huiirs. At. tin* ru*l uf a t 
thn, tissipovsil.ari' has nsnuini'd (*un.stuut, il will .hIiuw a »lrpn’,s:dun ^ 
inditaiU's a vapor prc.Msnrn of tlu* <‘th<-r jtiHt, jis um that t’KiHli 

a tubo whiidi coiitaius no air. 
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The experiment leads, then, to the rather remarkable con- 
clusion th^tjust as much liquid loill evaporate into a space ivhich 
is already fidl of air as into a vacuum. The air has no effect 
except to retard greatly the rate of evaporation. 

82. Explanation of the retarding influence of air on evapo- 
ration. This retarding influence of air on evaporation is easily 
explained by the kinetic theory ; for while in a vacuum the 
molecules which emerge from the surface fly at once to the 
top of the vessel, when air is present the escaping molecules 
collide with the air molecules before they have gone any appre- 
ciable distance away from the surface (probably less than 
.00001 centimeter), and only work their way up to the top 
after an almost infinite number of collisions. Thus, while the 
space immediately above the liquid may become saturated very 
quickly, it requires a long time for this condition of saturation 
to reach the top of the vessel. 

It must not be forgotten, however, that at a given tempera- 
ture the pressure existing within a vessel containing gases is 
simply due to the total number of molecules per cubic centi- 
meter which are striking blows against each square centimeter 
of the wall. Therefore, when a liquid evaporates into a closed 
vessel already containing air, the pressure gradually increases, 
and is ultimately equal to the air pressure plus the pressure of 
the saturated vapor. When a liquid evaporates in an open ves- 
sel, — that is, under constant pressure, — its molecules crowd 
out an equal number of molecules of air. 

QUESTIONS AND PROBLEMS 

1. Salt is heavier than water. IVliy does not all the salt in a mix- 
ture of salt and water settle to the bottom ? 

2. The space above the mercury in a Torricelli is filled with satu- 
rated ether vapor. Its volume is 20 cc. and the height of the mercury 
is 36 cm. The tube is pushed down into the mercury cistern until the 
volume occupied by the vapor is 10 cc. What is now the height of th^ 
mercury ? 
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3. If Uu' inside nf a hannneler ttihe is \v.‘|. Nvlit-n il is (ill. si 
cury, will (In' lud^hl. nf (he nuM-etiry I"- (he s.mir a . in a dry ( 

4 . At. a tcniiM'ratiire «>r Id’ <’• nn Ind will I"' tin* eri-nr in 

nnd.rie Ind.n'lil- iinlicaled l>y a l»ar.iinel«T wlii* li ismlaiiH niui ai 
"rabh'. of (’oiistants of Saliiraled \\ at«*r \ a|>oi\ p. n*d.) 

5. WdiY do 1 ’loMii‘S dry nnn'i* quirKly on a v\indy day tlian i 
day V 

6. If liry air w<'n' jihn’ed in a flused yIhh I lie baroi 

7(i (nn., and a ilisli of walm* tln-n iidrodneed widdn the .do, 
what. pn‘ssnre would linally he attained within tin- ve.. .td il Ih 
at.ure wen*, kept, at 1^ ' ( 

7. How many erains of water will esaporale at ‘jn ‘ t‘. init 
room IS X ‘dh X '1 m. V (tSee (aide, p. tl*J, lor den at v of satnra 
vapor at 20*’ (’.) 

llYdKoMl'VrilY, OK, 'niK S’nM»Y np' MulSPl ltP; (h>Nl 
IN 'nil*: Atmospiiki: r. ' 

83. Condensation of water vapor from the air. W'm 
for Uk^ ri'.Uu’dini^ iulliieiim* of air iijioii rv apnrat inu \vi 
1)(^ ohlit^ml l-(j liv(‘, in an at nios[tln‘ri‘ whirh wuuhl In* 
(a)iupl(‘.le,ly siUairaU*(l with water vapor; for tin* eva| 
Irom o(t(',ans, laktis, and ri\‘i*rs would alnioNi instantly : 
all tlu^ n'p^ioiiH of tin* eartlu I'lus rondihou one it 
moist clotluvs W'ould ncvi*!* dry, and in uliieh all olijert 
1)0 porp(‘Uudly soaked in tnoislnre uoiild he e\ei 
niuumifortahUq if not. aU-i> 5 ^etht‘r nnendnrahle. 

But on ae(n)unl. of tin* slowness with wliieh, us (la* 
porinitait showtsl, (n'aponitit)U takes pluee ind> aii\ tli 
vapor wdiieh always (*xis(s in the atiuoNpln-re is nsn 
from saturated, (*v<‘n in tin* iiiiniediale iieiplihorhooil < 
and rivtu’s. Siiiee, !iowevt‘r, (!u’ auionnt of vapor v 
msu'.ssary to prodnee saturation rapidly flmea^irN w it 
in te.mjn’rat.uri', if tin* temperature dt-ejeases eonliin 
somo unsaturateil loealily, it is elear tiial a point uni 

* It Ih niconutirnded Ihut. Huh wtlijert hr j»irrrih-.( n liU.i.i nlnty *| 
t.ion uf dew point, Innnidily, et(\ Sim., for r\uiuplr, KiprominU Klnf Hr 
iinintud. 
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bo roaoliod at wliioh tlui amount ol’ va[.)or already existing in a 
eubie centimeter of the atiiiosphere is the amount correspond- 
ing to satuniiion. Then, in muamlane.o with the facts discov- 
ered ill ^ SO, ir the tem[)eratuj‘(5 still eontimies to fall, the 
va[)or must begin to (‘omhmse. Whetluir it eondenscis as dew, 
or thoud, or fog, or rain will depend upon how and where the 
cooling lakes ])laee. 

84. The formation of dew. 11’ tlu‘- ('(uhiug is due to the natu- 
ral radial.ioii oi‘ heal, from tlu‘. earth at night after the sun’s 
wai'inth is withdrawn, thi‘, atmos[)lim‘e itself does not fall in 
tem[)(n‘atnri5 mairly as raihdly as do solid ohjiu'.ts on tlie earth, 
sm‘h as blades of grass, ti’e.iis, stones, etc. The layers of air 
wlii(*,h ('.ome into imnuallatii eontacd. with tluiso cooled bodies 
are ilumisidvt^s <*.oolt‘.d, and as tlicy thus reach a temperature 
a.t which the amount of moisture wliich they already contain 
is in a satiiraUal c.ondition, tluiy bcg’iii to deposit this inois- 
tiir(‘,, ill the form of dmv, upon the (‘.old olpecls. The drops of 
moistiin^ Avhudi colle.c.t on an ii‘,e pitelier in summer illustrate 
[im'h^c.i.ly the wlioli‘. jirtua^ss. 

85. The formation of fog. If the (‘.ooling at night is so 
gri^aX as not only to bring i.lu', grass and tnu's l)td,ow the tem- 
pm’atun'. at whiidi the vapor in. the a,ir in lumtact with them is 
in a stab*, of sa.turation, but also to lowm* tlie whole body of 
air mair tin*, earth ludow this timipe.rature., then the c.ondensa- 
tion takes jihuu; not only on the solid oI)j(*.c,ts but alsd ou dust 
partich‘.s sus[)(‘.ndod in tlie atmospheric. This constitutes a fog. 

86. The formation of clouds, rain, hail, and snow. Wlieii 
the (tooling of tlie al.mospliere takes place at some distance 
abtyoe tlie mirth’s surfaite, as when a warm (jurrent of air (Biiters 
a cold rc.gion, if the. .rcsnltaut temticraturo is below that at 
whic.li the amount of moisture already in the air is suilicient 
to prodiKtc saturation, tliis excessive luoisturi*. immediat(3]y 
condenses about iloating dust partiekjs and forms a aloud. 
If the cooling is siinicient to freii a consideralile amount of 
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moisture, the drops become large and fall as rain. 
falling rain passes through cold regions, it freezes ii^ 
If the temperature at which condensation begins is 
freezing, the condensing moisture forms into snoiojic 

87. The dew point. The temperature to which the 
phere must be cooled in order that condensation ina; 
is called the dew point. This temperature may 

be found by partly lilling with water a brightly 
polished vessel of 200 or 300 cubic centimeters 
capacity and dropping into it little pieces of ice, 
stirring thoroughly at the same tin 
mometer. The dew point is the 
temperature indicated by the ther- 
mometer at the instant a film of 
moisture appears upon the pol- 
ished surface. In winter the dew 
point is usually below freezing, (^<5. Apparatus fc 
and it will therefore be necessary mining dew poii 

to add salt to the ice and water in order to make tl 
appear. The experiment may be performed equal! 
by bubbling a current of air through ether containe 
polished tube (Fig. 66). 

88 . Humidity of the atmosphere. From the dew poi; 
table given in § 80, p. 62, we can easily find what h 
monly known as the relative humidity^ or the degree of < 
tion of the atmosphere. This quantity is defined as tli 
between the amount of moisture actually present in the t 
cubic centimeter and the amount which would be present 
air were completely saturated. This is precisely the same 
ratio between the pressure wliioh the water vapor pres 
the air exerts and the pressure which it would exer 
were present in sufficient quantity to be in the saturate 
dition. An example will make clear the method of fi 
the relative humidity. 
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Suppose that the dew point were found to be 15° C. on a day on which 
the temperature of the room was 25° C. The amount of moisture actu- 
ally present in the air then saturates it at 15° C. We see from the P 
column in the table that the pressure of saturated vapor at 15° C. is 
12.7 millimeters. This is, then, the pressure exerted by the vapor in 
the air at the time of our experimeut. Running down the table, we 
see that the amount of moisture required to produce saturation at the 
temperature of the room, that is, at 25°, would exert a pressure of 
23.5 millimeters. Hence at the time of the experiment the air con- 
tains 12.7/23.5, or .54, as much water vapor as it might hold. 
We say, therefore, that the air is 54% saturated, or that the relative 
humidity is 54%. 

89. Practical value of humidity determinations. From hu- 
midity determinations it is possible to obtain much information 
regarding the likelihood of rain or frost. Such observations 
are continually made for this purpose at all meteorological 
stations. Further, they are made in greenhouses to see that 
the air does not become too dry for the welfare of the plants, 
and also in hospitals and public buildings, and even in private 
dwellings, in order to insure the maintenance of hygienic liv- 
ing conditions. For the most healthful conditions the relative 
humidity should be kept at from 50% to 60%. 

90. Cooling effect of evaporation. Let three shallow dishes be 
13 artly filled, the first with water, the second with alcohol, and the third 
with ether, the bottles from which these liquids are obtained having stood 
in the room long enough to acquire its temperature. Let three students 
carefully read as many thermometers, first before their bulbs have been 
immersed in the respective liquids and then after. In every case the 
temperature of the liquid in the shallow vessel will be found to be 
somewhat lower than the temperature of the air, the difference being 
greatest in the case of ether and least in the case of water. 

It appears from this experiment that an evaporating liquid 
assumes a temperature somewhat lower than its surroundings, 
and that the substances which evaporate the most readily, that 
is, those which have the greatest vapor pressures at a given 
temperature (see § 80), assume the lowest temperatures. 

+ 
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Aiiot-ht*!* way of (‘slahllshiiisv lln* suin'* (ruth i. t»t a t 

of (‘lU*!!. tii I'lu* liquids iu MUC'rssiiUl 'Ml I III* luilh (i| 1 hi' 

mnili sliuNVii ill (‘'in;', (il, iiiul nhstuM' (lu* ri >»' nl wali-r in Ihf • 
nion*. simply si ill, l(> phini* a h'W difps "I ratdi litpiid mi (In- ha 
liainl, and iHitirn lhal. (Im tn’dm’ iu \vhi*di tin's «*\a]‘m'atr 
nt.luT, uh'nhol, walnr Is tin' urdm’ nl i'ri'ali'>l l•||ldinl•;. 

91 . Explaiuiticm of the cooling effect of evuporatio 
kiu(‘(l(*. llimu’V runiislms ;i siiiiplc i‘\|il;uiat Inn nf (Im 
cdTtuds of (‘vapociit inn. Wi* saw (hat in ari-nrilanm* \v 
t,li(U)ry (*va,]){)rat inn iih'IUis an rsnapr Imni (hr rairlari* i 
tnnl(‘euh‘s wliirli have amjuirml \ rlntdl irs minsitlrral il' 

av(‘ragi‘. I>nt. such a cnntinital In :s Iriiiu a liijtiii 
mnsii rujiid ly lunvinp;* nmlcciilcs in\nl\r s nl rniicsr, am 
(limimilanu of (hi* avcratp* Xidncity n( ihr nmlrrii 
luGiind ill the liijnid slate, aiul this means a tirri'rasc 
t.mn|>cra('nr(' id’ (he liijnitl fsm §§ 71 ami 77 ). 

Again, \V(^ slmnltl expect the ainniint nl mnlinp; (n 
pnrlininil In the* rate at which the liipiid is In.-anp; nm 
lli'iiei^, (d* till* threi' liipiids .stndimh idher shmild eni 
rai>idly, since it slinws the liighesf vapn’* pressure at i 
{.enipm’al.uri^ and thendnre the liip;liest rah‘ nf ends, 
innleeailes. 'Flic alenlin! shniild ciiine next in nnler, a 
water last, as was in fact, nhseiwed. 

92. Freezing by evaporation. In it wa-i slmwii 
Hijuid will evapnruti* nnieh innre tpiieklv infn a vaeuui 
inl.n a spaei*. containing air. Ilenm if we plaee a liituid 
the. naadve.r nf an air puni[» and exhaust rapidly, we m 
(^X[>eet- a nini'h greater fall in temperature than wlr 
li([uid (‘vaiinrates into air, 'Fins ennehrsinu nun he stri 
vtu’itied as follows: 

Let) a (ilia watidi ahiNM he lilled witii ethi-ruud phn'*'d upna a 
isdd water, ]>refenildy icr water, whieh rr-4’, apMa a fiiiit 
Let the wlmh* arraagemen!, he plaeed ttadetiieaUt tie* reesdver n 
pump and the air rajddly exhan.sted. After it few miaateM t>f p 
llie wateii glasH will he fuuial frn/ea lu the phitr. 
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By evaporating liquid helium in this way Professor Kam- 
erlingh Onnes of Leyden, in 1911, attained the lowest tem- 
perature which has ever been reached, namely, — 271.8° C. 
or - 456.3° F. 

93. Effect of air currents upon evaporation. Let four ther- 
nioiueter bulbs, the first of ■which is dry, the second wetted with water, 
the third with alcohol, and tlie foiirth with ether, be rapidly fanned and 
their respective teui2)eratures observed. The results will show' that in 
all of the wetted thermometers the fanning will con.siderably augment 
the cooling, but the dry thermometdr w'ill be w'holly unaffected. 

The reason tliat fanning thus facilitates evaporation, and 
therefore cooling, is that it removes the saturated layers of 
vapor winch are, in immediate contact with the liquid and 
replaces tliein by uiisaturated layers into 
which new evaporation may at once take ] 
place. From the behavior of the dry- ® |« 

bulb tliermometer, however, it will be I* S 

seen that fanning produces cooling only P 

w'hen it can thus liasten evaporation. |« j 

A dry body at the temperature of the L t | 

room is not cooled in the slightest r j 

degree by blowing a current of air 1“ 

across it. . ® |- 

94. The wet- and dry-bulb hygrometer. 

In the wet- and dry-bulb hygrometer I 

(Fig. 67) the principle of cooling by 
evaporation finds a very useful appli- 

Fig. 67. Wet- and dry- 

cation. lliis instrument consists ot two bulb hygrometer 
thermometers, the bulb of one of which 
is dry, while tliat of the other is kept continually moist by 
a wick dipping into a vessel of water. Unless the ah is satu- 
rated the wet bulb indicates a lower temperature than the 
dry one, for the reason that evaporation is continually taking 
place from its surface. How much lower will depend on how 
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the same temperature as the dry one. By comparing tire 
indications of this instrument with those of the dew-poiirh 
tiygrometer (^Fig. 66), tables have been constructed whiclr. 
enable one to determine at once from the readings of tire 
two thermometers both the relative humidity and the dew 
point. On account of their convenience instruments of this 
sort are used almost exclusively in practical work. They 
are not very reliable unless the air is made to circulate 
about the wet bulb before the reading is taken. In scien- 
tific work this is always done. 



•Pig. 68. Freezing 
water by the evap- 
oration of ether 


95. Effect of increased surface upon evaporation. Let a small 
test tube containing a few drops of water be dipped into a larger tube, or' 
a small glass, containing ether, as in Fig. 68, and let 
a current of air be forced rapidly through the ether 
with an aspirator, in the manner shown. The water 
within the tube will be frozen in a few minutes. 

The effect of passing bubbles tlrrough 
the ether is simply to increase enormously 
the evaporating surface, for the ether mole- 
cules which could before escape only at the 
upper surface can now escape into the air bubbles as well- 

96. Factors affecting evaporation. The above results may 
be summarized as follows: The rate of evaporation depends 
(1) on the nature of the evaporating liquid; (2) on the 
temperature of the evaporating liquid ; (3) on the degree of 
saturation of the space into which the evaporation takes place ; 
(4) on the density of the air or other gas above the evaporating 
surface ; (5) on the rapidity of the circulation of the air above 
the evaporating surface ; (6) on the extent of the exposed, 
surface of the liquid. 
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Molecular Motions in Solids 

97. Evidence for molecular motions in solids. We have in- 
ferred that the molecules of liquids are in motion, in part at 
least, from the fact that liquids increase in volume when the 
temperature is raised, and from the fact that molecules of the 
liquid can usually be detected in a gaseous condition above 
the surface. Both of these reasons apply just as well in the 
case of solids. 

Thus the facts of expansion of solids with an increase in 

temperature may be seen on every side. Railroad rails are 

laid with spaces between their ends so that 

they may expand during the heat of sum- CT 

mer without crowding each other out of 

place. W agon tires are made smaller than CT 

the wheels which they are to fit. They ^ ^ 

- _ _ Eig. go. Expansion 

are then heated until they become large solids 

enough to be driven on, and in cooling 

they slirink again and thus grip the wheels with immense 

force. A common lecture-room demonstration of expansion 

is the following: 

Let tlie ball B, which when cool just slips through the ring li, be 
heated in a Bunsen flame. It wdll now be found too large to pass 
through the ring; but if the ring is heated, or if the ball is again 
cooled, it will pass through easily (see Fig. G9). 

98. Evaporation of solids, — sublimation. That the mole- 
cules of a solid substance are found in a vaporous condition 
above the surface of the solid, as well as above that of a liquid, 
is proved by the often observed fact that ice and snow evapo- 
rate even though they are kept constantly below the freezing 
point. Thus wet clothes dry in winter after freezing. An 
even better proof is the fact that the odor of camphor can be 
detected many feet away from the camphor crystals. The 


sirilcintJ’ (*.xpc‘rim(’M[. : 

Lei. Ji ft‘W ci’^Vstals of indiin' 1 h‘ “ii .i u.il'-h '.I.!. . .lud iiralc, 

with ;i liiiiiscii llann*. 'I’iic •*! i«'ditir uill apjim 

ab()V{‘. t.h(^ crysUils, ni»nc nf llir i . i>a fn. d. \ m . al m.in 

Hubsl-au(U‘S at' tvm ju'raliii’fs pas-: lliU i ilu ..«ltd <*• lii*- i',a.fiiu 

(•-(mdit.ion wilhcHd. |iassiiii;’ tlir«»u^h thi' litjuid la:/- a! .ill. 1 hi - pruai- . 
is calli'd sidilinKfliiiii. 

99. Diffusion of solids. It. lias remit l\ lieeti tltMunii'.i I’atri 
I'liiib if a la-yi'i’ of hsid is plareil upnii a la\er td ;pd«l, nude 
railns of 131 * 1 ) 1(1 may in liiiie he deteetetl t in'» »U'»lu uil tin- ulu)li 
mass of Uk'- haul. This dilTiisinn <»!' stdiil:- «»ne aiiniher a 
ordinary tompora(airi‘ has heeii sluiuii Mnl\ (nr tlu-se t\si 
imd.als, bulai. hi^’lu*r h‘nip(‘ralnn*s, rnreHani(de ;>nt} t idl (» 
tho nioUils show Uit‘ saiiu* eharaeleiTdies («» <pute a 'an-priNiui 
di^o'roo. 

'^riio ovahnuH* for I he existelier uj nudeeular intaiiUrt ij 
solids is tJuai no l(‘ss stroiii^ than in (he ea-.e id lupnd . 

100. The three states of matter. AhltMiudi h h.i , heei 
sliowu I'lr.lt. ill lUU'ordiUiei* with elirrelit heiud' iIh* nudeeiiles (il 
all sul)sl;ui('(‘s [\,\\\ in very rapid nudiun, am! that lin- tf inpei'a 
(aim of a <>’iv(’ii snhs{aiu*e, wludluT in fhr Mdul, lujiiid, (O 
gaseous ooudii.ion, is (hderniiinni hs the a^era’n* m Uu ?\ id 
its mohuuili^s, yo(. ililTi'miiees exist, in tlu- l.uul nud ji.n whiel 
Uio moloonh'S in tlu* three states puN'.r'si, d hu ^ in the hidid 
stain it is ]>rol)a.l)li‘ tliai (lu* lunlemlei n.edlah' uilh preat 
ra[)idity alamt em’lain fixed pninis, alua\% (..-inp hehf t»y (In 
attrae.tioiis oT (Judr neie'lihors, (hat is, l>\ ilie e .A, .b', 

(son 55 I '5*0, in [H'aelieally I he same peat inn » wnh letneiuM' 
to otlud' moliM‘uh‘S in lli«‘ la.dy. In rare imdanee :, h.iurunx 
tlin ia(d»s ()1 dillusioii shew, a nudeeiile liieaL * awa^ irein its 
nonstraints. In liijuids, on (lu^ odii-r hand, uhde the nudi- 
(diloM tins ill ^vnerah as close (o<n*{her a-* in s.dids. they .slip 
about witli jie.rliiet. (‘use over one another and thus hii\(’ no 


MOLECULAR MOTIONS IN SOLIDS 


73 


fixed positions. This assumption is necessitated by the fact 
that liquids adjust themselves readily to the shape of the 
containhig vessel. In gases the molecules are coiuparatively 
far apart, as is evident from tlie fact that a cubic centimeter 
of water occupies about 1600 cubic centimeters when it is 
transformed into steam; and furthermore, tliey exert prac- 
tically no cohesive force tipoir one another, as is shown bv 
the indefinite expansibility of gases. 

QUESTIONS AND PROBLEMS 

1 . Dogs cIgav " fall ”? 

2 . Why flocis spriiikliTifT tlio stToel, on a hoi, day nuiko the air rooler ? 

3 . Why is the heat so oppressive on. a V(*rv damp day in snnimor? 

4 . Would fanning produce any feeling of coolness if there were no 
inoisturc on the face? 

5. If there were moisture on tlie face, would fanning produce any 
feeling of coolness in a saturated atmosphere ?. 

6. If a glass beaker and a porous earthenware vessel are filled with 
ecpial amounts of water at the same temperature, in the course of a few 
minutes a noticeable difference of temperature will exist betw'een the 
two vessels. Which will be the cooler, and why ? Will the difference in 
temperature between the two vessels be greater in a dry or in a moist 
atmosphere? 

7. Wliy are icebergs frequently surrounded with fog? 

8. What weight of water is contained in a room 5 x o x 3 m. if the 
v(‘lative humidity is G0% and the temperature 20° C.? (See table, p. 02.) 

9. Why will an open, narrowmecked bottle containing ether not 
show as low a temperature as an open shallow dish containing the 
same amount of ether? 

10 . A morning fog generally disappears before noon. Explain the 
reason for its disappearance. 

11 . What becomes of the cloud.which you see about a blowing loco- 
motive whistle ? Is it steam ? 

12 . Dew will not usually collect ou a ])itclier of ice water standing 
in a warm room on a cold winter day. Explaiu. 
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FORCE AND MOTION 

Definition and Measurement op Force 

101 . Distinction between a gram of mass and a gram of force. 

If a gram of mass is held in the outstretched hand, a down- 
ward pull upon the hand is felt If the mass is 50,000 g. in- 
stead of 1, this pull is so great that the hand cannot be held 
in place. The cause of this pull we assume to be an attractive 
force which the earth exerts on the matter held in the hand, 
and we define the gram of force as the amount of the eartlis 'pull 
at its surface upon one gram of mass. 

Unfortunately, in ordinary conversation we often fail alto- 
gether to distinguish between the idea of mass and the idea 
of force, and use the same word " gram ” to mean sometimes 
a certain amount of matter^ and at other 'times the pidl of the 
earth upon this amount of matter. That the two ideas are, how- 
ever, wholly distinct is evident from the consideration that 
the amount of matter in a body is always the same, no matter 
where the body is in the universe, while the pull of the earth 
upon that amount of matter decreases as we recede from the 
earth’s surface. It will help to avoid confusion if we reserve 
the simple term gram ” to denote exclusively an amount of 
matter, that is, a mass, and use the full expression " gram of 
force ” wherever we have in mind the pull of the earth upon 
this mass. 

102. Method of measuring forces. When we wish to com- 
pare accurately the pulls exerted by the earth upon different 
masses, we find such sensations as those described in the 
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preceding paragraph very untrustworthy guides. An accurate 
method, however, of comparing these pulls is that furnished 
by the stretch produced in a spiral spring. Thus the pull 
of the earth upon a gram of mass at its sur- . 

face will stretch a given spring a given dis- 
tance ab (Fig. 70). The pull of the earth 
upon 2 grams of mass is found to stretch the 
spring a larger distance ac, upon 3 grams a 
still larger distance ad, etc. We have only 
to place a fixed surface behind the pointer 
and nnake lines upon it corresponding to the I Zld 

points to which it is stretched by the pull of ® 

the earth upon different masses in order to 
graduate a spring balance (Fig. 71), so that 
it will thenceforth measure the values of any pulls exerted 
upon it, iro matter how these pulls may arise. Thus, if a man 
stretch the sprmg so that the pomter is opposite the mark 
corresponding to the pull of the earth upon 2 grams of mass, 
we say that he exerts 2 grams of force. If he 
stretch it the distance corresponding to the pull 
of the earth upon 3 grams of mass, he exerts 
3 grams of force, etc. The spring balance thus 
becomes an instrument for measurmg forces. fcf 

103. The gram of force varies slightly in differ- , eI 
ent localities. With the spring balance it is easy 
to verify the statement made above, that the force / 

of the earth's pull decreases as we recede from W 

the earth’s surface ; for upon a high mountain T''® 

the stretch produced by a given mass is indeed ®i”'™si>alanc6 
found to be slightly less than at the sea level. Furthermore, 
if. the balance is simply carried from point to point over the 
earth’s surface, the stretch is still found to vary slightly. For 
example, at Chicago it is about one part in 1000 less than it 
is at Paris, and near the equator it is five parts in 1000 less 
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than it is near the pole. This is due in part to the earth’s 
rotation, and in part to the fact that the earth is not a per- 
fect sphere, and in going from the equator toward the pole 
we are coming closer and closer to the center of the earth. 
We see, therefore, that the gram of force is not an absolutely 
invariable unit of force. 

Composition and Resolution op Forces 

104. Graphic representation of force. A force is completely 
defined when its magnitude^ its direction^ and the point at loJiich 
it is applied are given. Since the tlirec characteristics of a 
straight line are its lengthy its direction^ and the 2 oomt at which 
it starts^ it is obviously possible to represent 

forces by means of straight lines. Thus, if 
we wish to represent the fact that a force 72. Graphic 
of 8 pounds, acting in an easterly direction, is 
applied at the point A (Fig. 72), we draw a 
line 8 units long, beginning at the point A and extending to 
the right. The length of this line then represents the magni- 
tude of the force ; tlie direction of the line, the direction of 
the force; and the starting point of the line, the point at 
which the force is applied. 

105. Resultant of two forces acting in the same line. The 

residtant of ttuo forces is defined as that single force which will 
prod^ice the same effect upon a body as is produced by the joint 
action of the two forces. 

If two sprmg balances are attached to a small ring and 
pulled in the same direction until one registers 10 g. of force 
and the other 5, it will be found that a third spring balance 
attached to the same point and pulled in the opposite direc- 
tion will register exactly 15 g. when there is equilibrium ; 
that is, resultant of two similarly directed forces is equal to the 
sum of the two forces. 
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Pig. 73. Direction 
of resultant of two 
equal forces at right 
angles 


Similarly, the o'esultant of Uoo oppositely directed forces applied 
at the same point is equal to the difference between thenij and its 
direction is that of the greater force* 

■ 106 o Equilibrant. In the last experiment tlie pull in the 
spring balance which registered 15 g. was not the resultant 
of the 5 g. and 10 g. forces ; it was rather a force equal and 
opposite to that resultant. Such a force is 
called an equilibrant* The eqiiilihrant of a 
force or forces is that single force which tvill 
just prevent the motion which the given forces 
tend to p7'oduce* It is equal and opposite to 
the resultant. 

107. The resultant of forces acting at an 
angle. If a body at A is pulled toward the 
east with a force of 10 lb. (represented in 
Fig. 73 by the line AC) and toward the north with a force 
of 10 lb. (represented in the figure by the line AB), the 
effect upon the motion of the body must, of course, he the same 
as though some single force acted somewhere Ix'tween AC 
and AJJ. If tlie body 
moves under the ac- 
tion of the two equal 
forces, it may be seen 
from symmetry that 
it must move along 
a line midway be- 
tween AC and AB*, 
tliat is, along the line 

AR* This line therefore indicates the direction as well as tlie 
point of application of the resultant of the forces AC and^R. 

If the two forces are not equal, then the resultant will lie 
nearer the larger force. As a matter of fact, the following 
experiment will show that if the tivo given foi^ces ai^e I'epres&nted 
in direction and in magnitude by the lines AB and AC (Fig. 74), 



Pig. 74. Resultant of two forces at an angle is 
represented by the diagonal of the parallelogram 
of which the forces are sides 
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then their reiiultdnl iolll he e,nfetlj/ re/>rt‘s, rft >{ loit/i m dirt ti mu 
a)ul in ontujmfude hij the diaifoiut! Alt >A (he /hiriiitehnjrtun i*f 
ndiich AB and. AC are ^ider, 

IjCit thorium's of IpWo bahiiu't's 1 m* Imii;* n\rr nail. /' ami f * iu 

tlio rail all tlio ioj) of lilu' l*l;u'kl»o:iril (i'if,. i.O, ami Irt a ||* 

bo tiotl iioar tlu^ iiiiddlo. of Mio sl.rint;' jo'mito*. Uif* 1 om»L . <*{ (ijf- (uat 
balancers. Tlu^ fonm of l-bo carlb’s ultiai-tmii im tlo* IT i, thru 

oxa{ 5 lply (*([iuil and ojijxi.sit.c lio 11 h‘ n'sullaid <‘i tin* lu" injta- , f\« itj il j»y 
tlio spring balamu's ; Miaii is, is (In* 
eiiniUbrant of the. fonu's cxtS'liMl by t in’ bal- 
aiuH'M. L<di l.h(‘. linos (K\ and (>!> bo drawn 
upon tbo blac.klioard boldud tlm siring, 
and upon th(‘S(^ linos bd- dislanoos On and 
Oh bo laid olT wbioli oonlaiu us many 
units of b'.ngtli as tlu’n* aro nidlsctf furoo 
indioatod by tli(^ balanoos hi and /'’nv.j'oo 
tivoly. Tlimi ltd. a parallobtgrani bo tnm 
striitdKHl upon (Ut ami Oh as sidos, 'rin' 
diagonal of this jiaralbdtjgram will bn 
found in tbo llrst. jdatst t,o Im' t‘xatdly vov 
titial, that is, in l.bti direcliim id' I !u* w- 
snltant, sims' it is oxaidly opjioNltn !•> 

()\V\ and in tin' socond plaot*, tbo Itiuiih nf (hr- tli.toMital wdl b«* ImiuuI 
to contain as many units of longlb as lhi*i«‘ ;ur unsi i imn- u» tbo 
earth’s attra<d.ion for IT ( W must, of oMur.f, bi* r\pif i.rd iu ft,,- ..utn* 
units as tho Ijalanct^ readings). 'I'horrl'otr tio* tluioMiial tOl i**pi»- T.od*, 
in diri'c.tion, in magnitndo, un<l in pmul. »»f apj*br.dnm fb.- t« aili.ud *4 
the. two r()ro(\s n'proHontod l>y <hi and oh, 

108. Component of a force. Wltciti-vi-r a I'tinf ui t'. iijinit a 
body in koiuo dinutUon oIIiit lliaii llinl in Hbi. h tbf l.udv is 
free to move, it is c.b'.ar that tin* I'lill ..f tin- lot.-.- ran- 

uotlH! spout in prodiiiMii.L; muliuu. Fc.r fsaiiiplf, suppn-.c that 
a fovc.o is applied in the din-el imi (il: ( Kiip 7i; ) i,i ,i rar <iu an 
eloviitc.d traok. hjvide.iidy (i/i pniiliiees tw.. diHiiuet elVei-ls 
upon the (‘.ai‘ : oil tlie one iiiuiil, if iii.tv.-s (iii. ear aliiiit.j the 
track; tuid on t.lu'. oUu-r, it presses it diiwn aiptinst ilie rails. 
Iheso two elleets inijrlit he pri.dueed ju^l as well hv two 
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Fig, 76. Component of a 
force 
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separate forces acting in the directions OA and OB respectively. 
The value of the single force which, acting in the direction OA, 
will produce the same motion of the 
car on the track as is produced by OB, 
is called the component of OB in the 
direction OA. Similarly, the value of 
the single force which, acting in the 
direction OB, will produce the same 
pressure against the rails as is pro- 
duced by the force OB, is called the component of OB in the 
direction OB. In a word, the component of a force in a given 
direction is the effective value of the force in that direction. 

109. Magnitude of the component of a force in a given direc- 
tion* Since, from the definition of component just given, the 
two forces, one to be applied in the direction OA and the other 
in the direction OB, are together to be exactly equivalent to 
OH in their effect on the car, their magnitudes must be repre- 
sented by the sides of a parallelogram of which OB is the 
diagonal. For in § 107 it was shown that if any one force is 
to have the same effect upon a body as two forces acting 
simultaneously, it must be represented by the diagonal of a 
parallelogram the sides of which represent the two forces. 
ITence, conversely, if two forces are to be equivalent in their 
joint effect to a single force, they must be sides of the paral- 
lelogram of which the single force is the diagonal. Hence the 
following rule : To find the component of a force in any given 
direction, construct upon the given force as a diagonal a rectangle 
the sides of which are respectively parallel and perpendicular to 
the direction of the required component. The length of the side 
which is parallel to the given direction represents the magnitude 
of the component which is sought. Thus, in the above illustra- 
tion, the line Om completely represents the component of OR 
in the direction OA, and the line On represents the component 
of OB in the direction OB. 
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Again, when a boy pulls on a sled with a force of 10 lb. 
in the direction OE (Fig. 77), the force with which the 
sled is urged forward is represented by the length of Om, 
which is seen to be 
but 9.8 lb. instead of 
10 lb. 

To apply the test of 
experiment to the con- 
clusions of the preceding 

paiagiaph, let a \\agon 77 ^ Horizontal comi)onent of inill on a sled 
be placed upon an in- 
clined plane (Fig. 78), the height of which, be, is equal to one half its 
length ah. In this case the force acting on the wagon is the weight 
of the wagon, and its direction is downward. Let this force bo repre- 
sented by the line OR. Then by the construction of tlie preceding 
paragraph, the line Qm will represent the value of the force which is 
pulling the carriage down the plane, and the line On the value of 
the force which is producing pressure against the plane. Now siucc 
the triangle R Om is similar to the triangle ahe (for ^ mOR = /. ahe, 
ZRmO = Zacb, and Z ORm = Z hac), we have 

Om _ he 

that is, in this case, since he is equal to one half of ah, Om is one half 
of OR. Therefore the force which is necessary to prevent the wagou 
from sliding down the plane should be equal 
to one half its weight. To test this con- 
clusion let the wagon be weighed on the 
spring balance and then placed on the plane 
in the manner shown in the figure. The 
pull indicated by the balance will, indeed, 
be found to be one half of the weight of 
the wagon. 

The equation /OR = he /ah gives us the 
following rule for finding the force necessary 
to prevent a body from moving down an in- 
clined plane, namely, the force which must he applied to a body to hold it i?i 
place up)on an inclined plane hears the same ratio to the toeig^t of hodT} 
that the height of the plane hears to its length. 



Tig. 7S. Component of 
weight parallel to an in- 
clined plane 
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110. Compoiieut of gravity effective in producing the motion 
of the pendulum. Wlu^n a peiiduiiim is drawn aside from its 
<»! r(‘st. ( 7\)), the feret^ acting on tlie bob is its 

NN eii^iil, ;ind iJu‘ <lii'(‘ction of l.liis Toreci is verLieab 
D(‘l. it Ik‘ iv|)rt‘seiitiMl by lb(^ line OU. TIkmioiu- 
|)(nientet tins Itirn' in llu*. diiHU'dion in wbiebtlu^ 
bob Is Iree to uioV(‘. is O;/, a,nd tlu‘, (•.oin[)om‘.nt at 
iM'dil. ainj^'les to (bis dinad.ion is Oiiu d'lu', siu'.ond 
eoiuponent Om sinudy proihuu^s stnde.h in 
slrin‘ 1 ; and pi’essun^, upon tlie. |)oint of suspcai- 
situi. 'riu‘ first eonipoiuait On is a.lom‘. r(‘,s[)onsi~ 
ble lor (lu^ motion of t.lu‘ bob. A e,ons id (‘.ration 
of the liipin' shows that t.his (!()m[)onent l)ec,(muis 
larger and larger (h(‘. gr(‘at(‘.r the displaeement 
of lilt* bob. \\Mi(‘n (be bob is direetly ])eneath 
the ptbil- of siippoi’t Ibe eoniponout prodiuiing 
UH^tion is 7.ero, lleutu^ a pendnliini (^a-n b(‘. jiermaJunitly at rest 
only \slit‘n its bob is dinn'tly btnuratb tlu*. point of suspension.'^' 

yulCSTIONS AND PROBLEMS 

1 . Ill fig. so ibt* lim* on n'prt'Staiis tlu* juill el’ gravity on. a kite, 
and Mm’ Hiu* nm reprcNiMits tin*, pull of the hey eii the string. What is 
I he niunegiveii (ii t.ht\ 
feree repr<'ftc*ni.etl hy 
ihe line Ij/k* V 

2. I r the feret* of 
t in* wind agaiuhi. the 
kite iri represeaii'tl 
hy Uit* line .l/t, and 

it, Vi tMUlMltlered |.e 

)i<* iijiplird ul. ti, what Kert^i'S acting en a ki(.e 

iumhI. he the relation 

lu'l.weeii tin* fere»‘ uli and the cemponinit of A H ])arall(‘.l to o/i wlnni 
t he kite in in eipiilihrinm under the. action of tin*, existing foroes. 

3. If the wind iiicreaseH, why doijs the kit(3 rise IiigluirY 

* If Is rccnnnuemlinl that tlin Btiidy of the laws of tlio pc.niUihiiii he introilueed 
iuto im lahomiiwy work tit about this point (hoo Exporiuieut 12, authors’ mamml). 




Fin. 70. Force 
acting on dis- 
placed peiidn- 
luui 


82 


FOTlOlO AND MOTION 




HI. nct’ossury {»> provoni ;i hai*. 

ml from njlUn;!; »li>\vu au iiicliiuMl jihmo 


4. Kepreseiit graphically a forco. of MO Ih. aotiiig smitlioasl. uiul a 
force of 40 11). acting Houthwcst at th(‘ .same point. What, will hr tia* 
luagiiitiidc of the reHiiltant, and what will be its appiMxiuiah* (Iir«-c( tun V 

5. Tlio engines of a steamer can drive it TJ mi. an Inmr, Ibiw |’;t,st 
can it go Uj) a stream in whiidi tlu'. (mrrent i.s h ft. per .seeundV How 
fast can it come down trhii 

same stream? ... • . .. 

6. The wind drives a 
steamer east wit-h a fona*. 
which would cany it V2 mi. 
per hour, and its prop(dl(M' is 
driving it south with a fona*. 
which would carry it Ih mi. 
per hour. What distance; will 
it actually travel hi an ItoiirV 
Draw a diagram to rcju-escmlj 
the exact path. 

7. A hoy pulls a loach 
sled weighing 20011). u]) a hill which ri.se.s 1 ft. in U measured alnne; the 
slope. hTeglecting friction, how mmdi forec^ must he e\ertV 

8. If the barnd of .Fig. HI wcdglis 200 Ih., with what fnret* must 
a man push paralhd to the. skid to 
the skid is 0 ft. long and tin*, 
platform M ft. high? 

9. Why does a workman 
lower the handles of a wln‘i*l- 
barrow when In*, wishes to push 
the load over au obstacle*. V 

10. Could a kite be ilown 
from au automobile wlum tlien*. 
is no wind ? Explain. 

11 . Show from Fig. H2 what 
force supports an aiiroplane i?i 
flight. (Remember that oil, the (romponent of iJn* viml pr^armre AH 
perpendicular to the plaiu*, is tin*, only foree aiding out of which u 
support for the aerojilam^ can bi*. derived.) 

12. What fox’ce will la*, rcajuinal to support a hO lb. ball on an iiielinud 
plane of which the length is 10 times tlu^ height? 

13. A boy is able to exm*t a forca* of To lb. Negleeliug frietion, how 
long an inclined plane must lit*, havt^ in ordtu* to jmsh a truck weighing 
350 lb. up to a doorway 3 ft. above the groiuitlV 
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Gbavitation 

111. Newton^s law of universal gravitation. In order to 
account for the fact that the earth pulls bodies toward itself, 
and at the same time to account for the fact that the moon and 
planets are held in their respective orbits about the earth and 
the sun, Sir Isaac Newton (1642-1727) first announced the 
law which is now known as the law of universal gravitation. 
This law asserts first that every body in the universe attracts every 
other body with a force which varies inversely as the square of the 
distance between the two bodies. This means that if the distance 
between the two bodies considered is doubled, the force wdll 
become only one fourth as great ; if the distance is made three, 
four, or five times as great, the force will be reduced to one ninth, 
one sixteenth, or one twenty-fifth of its original value, etc. 

The law further asserts that if the distance between two 
bodies remains the same, the force with which one body attracU 
the other is proportio7ial to the product of the masses of the two 
bodies. Thus we know that the earth attracts 3 cubic centi- 
meters of water with three times as much force as it attracts 
1, that is, with a force of 3 grams. We know also, from the 
facts of astronomy, that if the mass of the earth were doubled, 
its diameter remaining the same, it would attract 3 cubic cen- 
timeters of water with twice as much force as it dges at 
present, that is, with a force of 6 grams (multiplying the mass 
of one of the attracting bodies by 3 and that of the other by 
2 multiplies the forces of attraction by 3 x 2, or 6). In brief, 
then, Newton’s law of universal gravitation is as follows : Any 
two bodies in the liniverse attract each other with a force which 
is directly proportional to the product of the masses and inversely 
proportional to the square of the distance between them. 

112. Variation of the force of gravity with distance above the 
earth’s surface. If a body is spherical in shape and of uniform 
density, it attracts external bodies with the same force as 
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though its mass wbib eoneeutrated at its center. Since, there- 
fore, the distance from the surface to the center of the earth 
is about 4000 miles, we learn from Newton’s law that the 
earth’s pull upon a body 4000 miles above its surface is but 
one fourtli as much as it would be at the surface. 

It will be seen, then, that if a body be raised but a few feet 
or even a few miles above the earth’s surface, the decrease iii 
its weight must be a very small quantity, for the reason that 
a few feet or a few miles is a small distance compared with 
4000 miles. As a matter of fact, at the top of a mountain 
4 miles high 1000 grams of mass is attracted by the earth 
with 998 grams instead of 1000 grams of force. 

113. Center of gravity. From the law of universal gravita- 
tion it follows that every particle of a body upon the earth’s 
surface is pulled toward the earth. It is 
evident that the sum of all these little pulls 
on the particles of which the. body is com- 
posed must be equal to the total pull of the 
earth upon the body. Now it is always pos- 
sible to find one single point in a body at 
which a single force equal in magnitude to 
the weight of the body and directed upward 
can be applied so that the body will remain 
at rest in whatever position it is placed. 

This point is called the center of gravity of the body. Since 
this force counteracts entirely the earth’s pull upon the body, 
it must be equal and opposite to the resultant of all the small 
forces which gravity is exerting upon the different particles of 
the body. Hence the center of gravity may be defined as the 
point of application of the resultant of all the little downward 
forces ; that is, it is the point at which the entire weight of the 
body Quay he considered as concentrated. The earth’s attraction 
for a body is therefore always considered not as a multitude of 
little forces but as one single force F (Fig. 83) equal to the 



Fig. 83. Center of 
gravity of an irreg- 
ular body 
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pull of gravity upon the body and applied at its center of 
gravity G, It is evident, then, that under the mfliienai of the 
eartlis pull^ every body tends to assume the position in which its 
center of gravity is as low as p>ossihle. 

114. Method of finding center of gravity experimentally. 
From the above definition it will be seen that the most direct 
way of finding the center of gravity of any flat body, like that 
shown in Fig. 84, is to find the point upon which it will balance. 


Let an irregular sheet of zino he tlius balanced on the point of a 
pencil or the head of a pin. Lot a small hole be j^nnched through 
the zinc at the point of balance, 
and Jet a needle be thrust through 
this hole. WIkui the needle is held 
horizontally the zinc will be found 
to remain at rest, no matter in 
what position it is turned. 

To illustrate another method 
for finding the center of gravity 
of the zinc, let it be supported 
from a pin stuck through a hole 
near its edge, that is, h (Fig. 84). 

Let a I’d mu b line be hung from 
the pin, and let a line hn be drawn through h on the surface of the zinc 
parallel to and directly behind the plumb line. Let the zinc be hung 
from another point a, and another line am be drawn in a similar way. 



Fi(i. 84. Locating center of gravity 


Since the earth’s attraction may be considered as a single 
force applied at the center of gravity, the zinc can remain at 
rest only when the center of gravity is directly beneath the 
point of support (see § 113). It must themf ore lie somewhere 
on the line aw.. For the stime reason it must lie on the line 
bn. But the only point whicli lies on both of these lines is 
their point of intersection G. The point of interseationj then^ 
of any two vertical lines drop 2 )ed through tioo different pointh of 
suspension locates the center of gravity of a body. 

115. Stable equilibrium. A body is said to be in stable equi- 
librium if it tends to return to its original position when very 
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slightly tipped out of that position. A pendulum, a chair, 
a cube resting on its side, a cone resting on its base, are 

all illustrations. 

In general, a 
body is in sta- 
ble equilibrium 
whenever tip- 
ping it slightly 
tends to raise 
its center of 
gravity. Thus 




% 



a 
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Eig. 86. Illustration of varying degrees of stability 

in Fig. 85 all of the bodies J, (7, D, are in stable equilibrium, 
for in order to overturn any one of them, its center of gravity 
G must be raised through th^ height ai. If the weights are 
all alike, that one will be most stable 
for which ai is greatest. 

The condition of stable equilibrium for bodies 
which rest upon a horizontal plane is that a 
vertical line through the center of gravity shall 
fall within the base, the base being defined as 
the polygon formed by connecting the points 
at which the body touches the plane, ABC 
(Fig. 86) ; for it is clear that in such a case a 
slight displacement must raise the center of 
gravity along the arc of 
which 0(9 is the radius. 

If the vertical line drawn through the center of 
gravity fall outside the base, as in Fig. 87, the 
body must always fall. 

The condition of stable equilibriiun for bodies 
supported from a single point is that the point 
of support be above the center of gravity. For 
example, the beam of a balance cannot be in 
stable equilibrium so that it will return to the 
horizontal position when slightly displaced, unless its center of gravity g 
(Fig. 3, p. 7) is below the knife-edge C. (The pans are not to be con- 
sidered, since they are not rigidly connected to the beam.) 




Fig. 86. Body in stable 
equilibrium 


Fig, 87. Body not in 
• equilibrium 
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116. Neutral equilibrium. A body is said to be in neutral 
equilibrium when, after a slight displacement, it tends neither 
to return to its original position nor to move farther from it. 
Examples of neutral equilibrium are a spherical ball lying on 
a smooth plane, a cone lying on its side, a wheel free to rotate 
about a fixed axis through its center, or any body supported 
at its center of gravity. In general, a body is in neutral equi- 
librium when a slight displacement neither raises nor lowers 
its center of gravity. 

117. Unstable equilibrium. A body is in unstable equilib- 
rium when, after a slight tipping, it tends to move farther from 
its original position. A cone bal- 
anced on its point or an egg on 
its end are examples. In all such 
cases a slight tipping lowers the 
center of gravity, and the motion 

then continues until the center Stable, unstable, and 

„ . neutral equilibrium 

01 gravity is as low as circum- 
stances will permit. The condition for unstable equilibrium 
m the case of a body supported by a pomt is that the center of 
gravity shall be above the point of support. Fig. 88 illustrates 
the three kinds of equilibrium. 

QUESTIONS AND PROBLEMS 

1 . What is the most stable position of a brick? What the least? 
Why? 

2. Where is the center of gravity of a hoop ? of a cubical box ? Is 
the latter more stable when empty or full ? Why ? 

3. Why is it unsafe to stand up in a canoe ? 

4. Where must the center of gravity of the beam of a balance be 
with reference to the supporting knife-edge C (Fig. 3, p. 7) ? Why ? 
Could you make a weighing if C and g coincided ? Why ? 

5. The pull of the earth on a body at its surface is 100 kg. Find the 
pull on the same body 4000 mi. above the surface; 1000 mi. above the 
surface ; 3 mi. above the surface. (Take the earth’s radius as 4000 mi.) 

6. What is the object of ballast in a ship? 
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7. Ex^jlain why the toy shown iu Fig. 89 will not lie upon its side^ 
but iustead rises to the vertical position. Does the center of gravity 
actually rise ? 

8. What purpose is served by the tail of a kite? 

9 . If a lead pencil is balanced on its j^^oint on 
the finger, it will be in unstable equilibrium, but 
if two knives are stuck into it, as in Fig. 90, it 
will be in stable equilibrium. 

Why? 

10 . Why does a man lean ^ .j/ 
forwai'd when he climbs a 
hill? 

11 . Do you get more sugar 
to the pound in Calcutta than 

in Aberdeen? Explain. Fig. 89 Fig. 90 



Falling Bodies 

118. Galileo’s early experiments. Many of the familiar and 
important experiences of our lives have to do with falling 
bodies. Yet when we ask ourselves the simplest question 
which involves quantitative knowledge about gravity, siioli 
as, for example. Would a stone and a 
piece of lead dropped from the same 
point reach the ground at the same oi‘ 
at different times ? most of us are uncer- 
tain as to the answer. In fact, it was the 
asking and the answering of this veiy 
question by Galileo about 1590 whicli 
may be considered as the starting i^oint 
of modern science. 

Ordinary observation teaches that light 
bodies like feathers fall slowly and heavy 
bodies like stones fall rapidly, and up Fm. 91. Leaning tower 
to Galileo’s time it was taught in the of Pisa, from which were 

schools that bodies fall with veloci- leo’s famous experiments 
ties proportional to their weights.” Not ' on falling bodies 
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<!n*:il iiliV’/K-i-.l , :i:.i ri»iiiiiMiM‘. .mimI iiimI liriiiMl : '* rnumlci’ of 

inrutal i.un nl' ;ut im|n»vi'i-i‘.|ii-il ii (if I'isii; i-iliulird inc^li. 

cihi' iu ruflv yniuh. tuil lur i"*!. i( lur luailiriuniir’; inul fificiicM ; wms jU'nCi'ssni 
liml hfiMJif ii". al aiul ai I'adiia; I he inu iicil rallin**; aini 

llir law . i»i' ihr |>t>ii<liiliiiM : w a . lln* {’I’l’alnr nl' f la- .cifiii-i- u) ilynainit’s : (mdimI 
tin- in* ‘t I !n-nnnin<'h*r : I'lr .1 u >fil lla* Cni' a'>lfniininical nliscrval idMs; 

ri'iMl r.atrlliifs aU'l llu* •pol'i uh tin* sim. Mdtln'ii )tliysii*s Im'i'Ju! 

willi (4aliIiMi 
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wi(h l)(K»k kiiDW howcviT, (dilik'n lri('<l i{. 
luinsi'll. Ill tin* j ol tlii‘ pro! t'ssurs and s(.udi*ii(s of 
tlir I nivri’silv ol Pisa, lio dropped halls of dilToi’iail, si/a‘s 
and. malorials froiu thr. (op of (he (ower of Pisa. ( h 1 ), 
ISO lVi'( hit’ll, and Toimd dial lliey hdl in prarl i(‘a.ny Ihr 
saint' (iino. lit* slmwt'ii (hal e\-en vt'ry lip’lO. htslit'S likt* pa[>er 
1‘ell with V(*loei(ie.s which a[ipr(>aeli<'(| niori* 
and nnn’e nearly lliost' of ln‘a\\ Ixulies (lu^ 
more etnnpacdy (hey were wathh't! (t)y;e(her. 
kVtun (liest* {‘Hperimm!:; lit* infei'red (lial. itH 
/x/f//V.s‘, e/'e// (hr /it/h(rs/^ iraitltl fttU df (hr 

funih' i'ii(r irrrr i( ih*( jnr (in' r(S{s(ifntU' nj' 

(hr ii'ir, 

M'hiO' I Ilf* JUt* ;inee Is in<l«Til I In* eliirf l;if'|nr 

ill (lie slffWlieNS el full ef feallu-rn uiul elhei' UldO. 
elijeets e;tii he .*.h<t\vn hy piiinpiiei’ I lie air out. e|’ a 
(iilit* eeiitaiiiiii'i; a I'eatlier ainl a eein [ Uti). 'The 
mere eniujilele (he e\haie*(i«m lie* im»ri* ueaiiv do 
(he fealher ami rnlu fall .*.if|e Iw aitle when (In' iiih»‘ 
is iiiverleil. 'riie uir |Mnap. hewe\er, was uel iineiiled 
uiiiil si\{y years ivflei- (lahietf's time. 

119. Kxact proof of (hdileo’s conclusioiu 

ean deiuoustralf (he eorrt*e(ness td' (ialileo’s 
eonelnsion in si ill aiiollier w ay, oin* w hich lie hiniscir used. 

lad- halls ef it'en and \vf«ed, for esatnph*, hr* .slarled Itiaellier flown 
(he iuelim'fi plain* of IKJ. 'I'hev will he fotiml (o keep (nr.elhis* 

all tile way flown, (if (lew roll in a rd‘"‘W'e. iln'v Hlioithl have lln* 
Maine fliiuneier ; «<! hei w ise, .si/e i'i iTiiinaterial. ) 'The e\pi*riinenl. ililfer.s 
from thiU^ td’ tin* fo*eiv falliiie hodies only in llial. (he re.si.sianee of 
(he uir is here jimre msirlv ne*,‘,li'dhle heeausf* (In' halls are iimvine, 
more hlffwly. In f*rder to make (In'in iimve slill imns* .slowly and at. 
lln* same linn' (o elhuinalf’ e(fiuplel«dy all po.ssihh* f*ll’ee(s ilitt' to (lie 
frielion t»f tin* plane, hd. us follow (hdileti ami snspeml lln* dUfi'Vf'iil. 
halls as the hohs fif pendnhiius of f*\uetlv lln* .saun* len^Oh, two nn'ler.s 
hno; a( least, iiml slarl (hem *Avin;dioi; thrttie.th n«pnil nres. Sinee now 
tin* holm, as (hey piem thifim;h any n.iveii positiom are merely moving' 



I'dio na, Idsillier 
and I'oiii fall (o 
pel her in a \ aemmi 
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very slowly down idi'iitifiil iindiind | VD ). il is , 

this is only n vOiuonn'tit. ot tin* lost t-s [ ko ino'iit. W r :.h;ill 
the times of fall, Hint is, (hr <>\ Ih-- i.rii.liiliiiin a, 

tho sanu^ 

We eourliule, frcaii (he iilmvt' f\ [M-riuu’iil » with 
and willi N(‘\v(tjn whu perionutMl it with thr lUnj 
a hundred yi^ars la(<‘i\ (hat in n raruum fhr nlnrlfi/ 
2)er munul l>// a fnrJi/ /ttlli/n/ ht^^hf is t.nuihf fhr ^ 
all hodic^. 

120. Relation between distance and time of ftilh 
•found Utah barring air n‘sisiau(’<s all hi»dir.s hilt iii t*\i 
same way, wi^ sludl \\v\l try in lind what ndatinii n: 
tweiMi distama^ and time nl tall; ami slum a Irmly hilli 
falls so ra[)idly as \n makr dins-i mistMurrmnuis upti! 
(iult, W(i shall ailojit (ialilm's plaa nf stutlyiiu^ tlu* law 
ing bodies Ihrough ohsm’ving th«' umtimis nl* a huh 
down an ineliiied [daue. 

.L(‘i. It f^rndVed luianl IT ih' IS II. Imuj hd ou|ijnoii|inl ii i in l‘i 
(‘11(1 Ix'iniiS’ about. :i font, abnvt* tin' lUbfr. hot th»’ **i tin* 

(lividul iiilo f(M‘|., and li‘l> I In* hUn'K V* hr' -ir t ju U le H. 
ing ]i()ial. of tin*, ball .!. hfl a nn'linuumt- r*r u oImoL btMfint' n 
.starU'd, and tin* tnarbln reb-axed at tin* in itant "I ««h»‘ «’!iob nf t 
llOUKS If l.ln* niiU'blr*. d(ii*xnnt hit I in- blnok '.rilh-U tlir* rlioK ja » 
tluuiiniact. <d* tin* ball i*niin‘hlr''i ovaolly wiih fin- tin h «‘b**L »a I 
lumns ali(‘r t.ln* iin’liiial ioa milil thii i*U!n- t M )!’, ( I'lu t .mIju .1 1 
wadi bo niad(^ by tin* tf*ai’ln*i* bofun* nla rs) 'U.ut flu- mai 

at) .Momo tdick of tin* nnSroni'itn' uurl hmU* ihul it i tin* | 
oxaatly at t.ln* nud of tin* (ir^'t Hi-rioni, tin* 1 H. nnuh at tin- r-j 
.S{!OOii(l H(‘ooiul, tin* OdL inark itt lln^ ninl r*l' tin- thud Nor-rnnl* 
B at) lli(i llbfl.. mark at Un- mid nf tin* fmo lb nt-mnd ‘Tlirt »sui 
lunro ac.ourab'ly by phicini,;: B Hin*i*r*4')ivr*ly at thi* n H., th*- t ft . 
l-fhinark, and mitin.e: that tin* nlink |»r«Mlin-rd ity fin* im|XM-t 
oxactly with the pnijinr olirk »»f tin* nn-trrmntin- 

Wo ooiKiliulo llioii, widi (iiililfii, dm! Mr t 

hy a falluiy hiidy /» mii/ iiiiiiilur </ Hii-muh in th,- 
traversed the first sremul times the styutre the mt 
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aeconth ; ihai. is, if I> ro.prosonis []h\ distaiuio traversed 1-1 le first 
s(i(H)nd, S the total space, and t the number of seeonds, S=:l)fr. 

121. Relation between velocity and time of fall. In tlie last 
paraoraph we iiun^sti^faied the distain^es traversed hi one, 
two, ihr(^(‘, vU\ S(*(‘onds. Ii(*(i us now investigate the vehwitte.^ 
a{‘(|uin*d on tlu\ saim^ iiudined phuu‘. in one, two, three, etc., 
st'conds. 

L(*i, a j^rnoved board M lie jilaccd aU.lH* h(d.i.oin of Uie iiudiiie, 

ill maniK*!' .sluiwii in US. 'I’o (‘liininaln frud.iuii it sliould bo 
pv(‘n a slia'ld- slant, jnsl. sullicicnt t.«> oauso l,lu‘ hall to roll along it with 


~^Ar 

I''i(n IKJ. Sjiju’i'N iravcrsi'd and vdofilics atnjulnul by falling bod ic.s in oin;, 
i.NVo, tbren, etc. sccomls 

uniform vclocil.y. lad. the hall In* slarti'dat a distaina^ /Mip Un^ iuedine, 
I> being th(‘ {listaiK’c whicli in the last, cxpm-iincnt it was foiuid to roll 
(hiring tin* first second. It will llnm jnstrcacli the bottom of tin* iuolim^ 
at tin* instant of I In* sccoiirl click. Hen* it will be freed from tin* iiillu- 
em‘e of gravity, and will theri'fore movt* along the lower Itoard with tln^ 
veloeily whieh it had at the end of l.ln* iirst H<*C(md. It Will Ik*, found 
that win'll tin* block is placed at. a di.slance I'xactly etpuil b) I> from 
tb(‘ bottom of the ineline, the inill will hit it. at tin*, (^xaet instant of the 
third (*liek of tin* met r<mome, I, hat is, (‘xaetly two secoinks aft.er si.arting ; 
lienei* tin* vehjeity acquired in one second is ti Ih If tin* hall is started at 
a dislanee I 1) np tin* inelim*, it will talu^ it tw'o si‘iionds to reach the 
bottom, and it will roll a dislains* •! /Mn the n«*xt H(*c.ond ; tliat l.s, in 
two HeeoinlH it. aequires a veloeit.y ■! />. In thr«‘e seconds it will lie found 
to ae{[uin* a vt»ioc'ity (J /k etc. 

'The exju*riuu*iit. slmw.s, lir.st, Unit, the gtiiu in vidoeil.y ciuih 
mte.imd i.s Mu* sumt* ; tuul .si'mmd, tlud. Uu^ timounl. of this giihi 
is ntinH'riejilly equal to twim* tin* dislanee travt*rsed t.lu^ first 
serond. MotioHy like the alinve, hi w/ur/i vdoclfy in f/ahvul at 
a i^aadant rntey in railed ualfarmh/ aeeelemied motion. 



92 


FOECE AND iMOTIOJM 


In iiniformly accelerated ‘motion the ffniii each ^ennol in the 
velocity is called the aceeleration, lb is mnni'ricnlly t'((iial In 
twice the distance traversed the iirst si'coiid. H. is usually 
denoted by the letter a, 

122. Formal statement of the laws of falling bodies, hiil 
ting together tlic results of tlie List two paragi'aplis, wo nblain 
the following table in wldudi ./) r(‘|)n\senls tlio dislaiua* Irax 
ersed the hvst second in any unifonuly accclcnvlcd mnlinii. 


Nuivrimii oe 
Rkuond.s {/) 

VF.i.oerrv at tu i; 
I'lNU OF Mach 
,S!.:('()NI) (/’) 

(lAis IN \'i;i.uei r\ 
Si : enMi er) 

1 ‘l‘«*r A 1. 1 M‘-.r \ N«'i 
i TK \ V 1 i;'.i n 1 ^ 1 

1 

2 

2 1) i 

1 n 

2 

•1 t) 

2 n 

1 n 

3 

()/> 

2 D 

u n 

4 

H /; 

2 l> 

ii; n 

i 

2//^ 

•^i> 

h 


Since D was shown in 121 t,o \n) tajual to oin‘ half of iho aiMM'b 
eration a, we have at onci‘., by substituting i u for /Mu iUr last 
line of the table, ^ I ^ 

S-'-lat", ( 2 ) 

Those foriaulas ar(^ sin\])ly tl^e alg^'la'aie staliMUriU- nf tlir I'.irl', 
brougliii oat by our (•x{i('riiru‘ii(.s, hut. I.Iie reasdU.M I’nr (h«v.M CuU'. ma\ 
be scHui iiH follows : 

Since ill uniformly muu'hu’aled motion Mu‘ aiM'ubu’at inn a i . (ho 
velocity in cuntiimMers ]\ev second gained each see«md, it I'ullnw i at 
once tlnit wlum a body starl.s Irom rest., (.lie v»‘|neil v wliieh it. h;i i at 
the end of t seconds is giv(m by r ' nf, 'Fliis is hirmulu (1 ). 

To obtain formvila ( 2 ) havi‘ only to reileet Muit .li-daiter .<mI 

i.s alway.s (uimil to tlu^ averagv. velocity multiplied by the tiuu'. Wbcm 
the .initial v<doeity is zero, as in tliis ease, and t he limU velneiu Jm ti{, 
average velocity - (0 -p af) 2 - : ^ a/. Ileiu^e^ 

S jt of". 

This is fonnnla (2). 

These are the fimdairumtal formulas of uuifonidy aeeelerat.Ml nuditm, 
but it is sometimes convenient to obtain the timil ve’lo<Ci|.y e directly front 
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th«‘ «Iisi '‘t tall N, \>y \u'v \ iTsa. 'Tliis may i>l‘ (‘oiirsi' l»t‘. (li)nt' 
hv siinj'is it ul ill;-, in (ll ) tin- \ iUin* uf / dhtaiiicil rnmi ( I ), uumt‘ly — 

■riuaniv«'-- ' 

\ l! t/.S’. (It ) 

123. AcceleratiDii of a freely body. If in Ibt^ a,l)o\<* 

i*\ prriinrnt ihi* slnpr nl (hr- jdaiir 1 h' nr.uli' sl(‘(‘|)('i*, llu*. rt*siills 
will i»l)\inusl\ In' ju'frisriy (lu‘ saiiio, i‘Kr(‘|>l, dial, (ho aoot'lora- 
dun has a lar!';or \ahn% If dio hnani is lillocl until il. hoounuss 
vrriioah (ho lunly hoouiiifs a Irooly railing' body. In this oaso. 
di(' (listanoo (raviTsod t ho lirsl soouiul is runinl tu hi' -11)0 o.onti- 
motors* or dJ.OS jVrt. llonot' dii' aoooloratiun oxprossod in 
oonlimottTs is ‘.ISO, in fool Ood, 10. 'Pins aooi'loral inn of I'roo 
tall, oallod tho muYlrrfififui a/ tjnirift/, is usually ilonnlisl hy tho 
loUor //. P'ur Irurly rallim»; hudios* ihon, tho ihroo rornndas 
uf tho last paragraph hoouino 

///. (- 1 ) 

N i !lf\ ( h ) 

0 Vd./X. (0) 

'Tm illu ihah' til*' u .<* ul' (licir |’*»riiiuhti, .‘aippitso \vr wish lt» Kauw 
uUh u hat vrl.ii ii’, a Ihm{\ will liil lln* c-arlli 0’ it lulls I’mm a height 

III Ut^o tuiS'a ; III ‘.‘1 1,000 rent mii'l rr.i, 1‘hntn p> ) \M' js*t. 

* \ 'J, !isO ^ UU.UUU lillUl I’ln. ju-r Si‘ 0 . 

124, Height of 1 1 \\n wi^li (*» Had I In' bright »s' tn whioli a IhmIv 

j.i Mji i lml \ri hi’all\ tijiWitnl will I'inr, wr rrlln't t hat (hr timr nf asrrnl. 
nioithr lh«* iiuUul vrhirilv dividiMl hy tin* ti|t\vard vrhu'it.y whirli tho 

l.uilv hrirn |.rr 'irruiuj, th.tl i’l, t ^ ; uiitl lilt' bright rrarlioil mast lu' thiu 

V 

aiult l«v tlir iivriagt' \rh*‘'ily "I that is, 

" “** ( 7 ) 


Slfiri* j-j till* MHir Ui fh). Wr IruVU that. HI U VUrtOHM tlir Hjit'f'tl witll 
w lorh Ji hotl^ noi a hr jij njtM lrtl ti}iWitr«l tti risr in a givou Uoigiit. is tho 
ntuur }i’* thr njH'rtl wlurh it uouuH'rH ill hUlitig from tho Haino luught. 
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125. The laws of the peadulum. 'V\w llrsl hiw t»f Ok. 
pendulum was found in § 119, naiiuly, 

1. The periods of 'pc7idid\um of (Upttt/ Uihithn iorhoiinp f/irtottfi 
short ares are independent of the wehfld ami material ^f the hahs. 

Let the two penduliniis of § 111) bo. sol. swiniiin.!'; tluim;;h ;uvs nf 
lengths 5 centimeters and 25 (umt.iinolors n^sprot ivoly. shiill liud 
thus the second law of pcuididum, n;uufly» 

2. The period of a 'pendnlum sfeuitflntf thnaiph a almrt nre In 
independent of the amplitnde of the are. 

Let pendulums | and as h)ng us tin* abovo bo suiute, svilh it. Thr 
long peiiduliini will be found fo niak<' oidy om* viln';Lli«*a, u liilr ( ju- i.i 
are making two and blins'. respiTfively- 'l‘he llnrrl law nf I he pnitbilum 
is therefore 


3, The periods of pemhdums are direetli/ proptnihoui! the 
square roots of their lengths. 

The accurate detennination of // is imv(‘r nnub* l»y din-rt iu«‘a atii* 
ment, for the laws of the pi'iiduluiu just. esIaidi.dM'il llu . ui .lui 

ment by far tlui most acunirah^ one oblalnalde for tliis detrvmHia! iioi. 
It is only neccs.sary to measure l.ln^ length of a hme; prndtibint and thr 
time t between two successive! pas.sage.s of Ihe bob amov* Do* mifl pumf 

and then to substitute in tin* formula / rr x f in ordrr b. obtain a it h u 

y// 

high degree of precision,, 'riu! dednetinn of t bi.s formnhi i^not Mutabl.i i,.i 
an elementary text, but tluj formula itself may well be u.mmI for ehrrtuig 
the above value of //. 


QUESTIONS AND PHOHLKMS 


1. A boy (lroi)p({d a stoiu! from a briilgt* and notired thal i! .^thijej* 
the water in just Jl sec,. How fu.st was it going when d / no\^ 

high wa.s the bridgi! ahov(! l.Iu! water V 


2. How high is a l>allt)on. from whi(?h a sbine falln to eaith in In m’c,'/ 

3. With what spee.d dot*s a bullet strike the earth, if it iw drooord 
from the Eiffel Towe.r, 5:15 m. liigli V 

4. If the acceleration of a marble rolling d*nvn an ineliiird plane i-s 

20 cm. per second, what velocity will it have at fhr b..(fmti. the ojane 
being 7 m. long? ^ 

^ 5. If a man can jump d ft. liigh on the earUg how high eonttl he 

jump on the moon, where r/ is ^ as nuicli? 
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6. I f *i biujy wiMiouf. frii't-imi down :in irudiut^d jilaiu* movns 

•ID cui. iluriiii: scMMuid (.r its dosoout, and if Uio, jdaiu* is r>00 nni. 

louLt aiul lO.StMn. lii-h, what is l\u\ valno of (laniH'iulxn* that tlu^ 
aisadoratinn down tin* iiudino is simply tln^ coni- 
]u)ncnt. (§ of (/ parallol to the incliim.) 

7. Ifow far will a hody fall in half a second V 

8. l’'ii';. h i rrpi’csents the peiidnlmu and 'h'seajie- 
nienl-'’of a clock. 'I'he escapeiiienl. wins*! /> isurjt<'d 
in the direction <d th<‘ arrow hy the idoidc wei‘t'hts 
or spriue;. d’he sUitlit pushes i*onimnni<*ai.ed hy the 
tis'th id* tin* wheel keep the pemlnlum from ilyin.ijf 
down. Sliow how the Imijith of the pemlnlum <’oii- 
tnds the rate id’ the clock. 

XkWI'oN’s liAWS OK Mo'I'lON 

126. First law — inertia. It, is a inal.Uu* of 
(‘vrrv^lay nh.siM’vat-inn tliat. Ixnlii's in ainnvin|j^ 
triiin 1 1*11(1 It) niovt* lowiinl l.lu'. forward tdul, 
when tin* train slops and toward tin*, nuir 
end when tin' train starts; that, is, liodhss in 
motion sm‘m to want, to k(*ep on nlovini^^ and 
hodi(*,s at r(*sl to remain at. rest-. 

.Again, ahloek will go farllud* wlithi drivmi 
\vilh agiv(*u l)!ow along a snrfaet^ of glan*, ict* 
than \vhi*n knoeked along an jusphalt ptun**" 
menl. Tin* nnuson which (*very oin*, will assign 
for this is that. tln'O^ is mort' friction htd.wts'n tho hhatk and 
tin* ttsjjlialt, than lu'twct'U tlu^ block and i.ln‘. ictt. lUil. wlum 
Would tin* l)ody stop if tlu*ri* wt*r(\ no fritd,ion tit till? 

Astronomical ohsi*rvations furnish Uu^ must c.onvinc.ing 
auH\vt*r to this (jucstion, for W(^ cannot, didimt any n'.tardation 
at all in tin* motions of tlu^ plamds as thi*y swing around tin*, 
sun, through t'lnpty spact*. 

h'urthcrmons sium* mini ilii*s olT tdiufrnfhtllij from a rotat-ing 
carriagj* whcid, nr wati’r from a whirling grindstoms and simns 
too, wc. hav(‘. to lean inward to prevent oursedves from falling 




FOBCE AND MOTION 


outward in going around a curve, it appears that bodies in 
motion tend to maintain not only the amount but also the 
direction of their motion. 

In view of observations of this sort Sir Isaac Newton in 
1686 formulated the following statement and called it the 
first law of motion. 

Every body continues in its state of rest or uniform motion in a 
straight line unless impelled by external force to change that state. 

This property.^ which all matter possesses^ of resisting any at- 
tempt to start it if at rest^ to stop it if in motion^ or in any toay to 
change either the direction or amount of its motion^ is called inertia. 

127. Centrifugal force. It is inertia alone which prevents 
the planets from falling into the sun, which causes a rotating 
sling to pull hard on the hand until the stone is released, and 
which then causes the stone to 
fly off tangentially. It is iner- 
tia which makes rotating liquids 
move out as far as possible from 
the axis of rotation (Fig. 95), 
which makes flywheels some- 
times burst, which makes the 
equatorial diameter of the earth 
greater than the polar, which 
makes the heavier milk move 
out farther than the lighter cream in the dairy separator, etc. 
Inertia manifesting itself in this tendency of the paris of rotat- 
ing systems to move away from the center of rotation is called 
centrifugal force. 

128. Momentum. The quantity of motion possessed by a 
moving body is defined as the product of the mass and the 
velocity of the body. It is commonly called momentum. Thus 
a 10-gram bullet moving 50,000 centimeters per second has 
500,000 units of momentum. A 1000-kg. pib driver moving 



Fio. 95. Illustrating centrifugal 
force 


•Sut Nj.utun (Ifll'J I7l^7) 

Imh'.H »h mafhrninf Ii’iitu ntul phy^'H’lst, “ pruuM* til' phil<>Hnpli<*rH ” ; 
pr.ifi-i Mir «»f nmflu'muljt'M ut < I ■ nivci'Hity ; rdrinululcjl 
ihr hiu Ilf K»"iviiat inn ; tli:ii'n\ iTnl Die hiiuiniiitl lln'iinMn; in 
\riiii*il Um* nn‘tljn*l nf lilt’ tMldiiluH; ntmmmi'tMl (ht^ tlinn^ lawn <it’ 
nnaiiin w liifh liii\ n lirrtinu* lln* l>ar>i.s tiC tlm Hcifin't^ of incrlianii'n ; 
nooli’ iinporlant ili‘ii*nvi'ri«'*i in ; is lln’itnlhor of tln^ t'olt'hnvli*d 
’* riinripia ” U'rlindpW'.'inf NahiriU rhlloMopliy), piihliHln'd in IflHT 
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lODO cfut imt*tt‘rs per st'coiul lias 1 ,()()(), 000 units nf mu- 
nu*n(uni, t‘(r. W t* shall always (‘X[)n‘ss niuiiuaitaiiu in (h(.LS. 
units, that, is, as a prnduct uf i^Tanis by (uaitimulors per 

SlU'Dlltl. 

129. Second law. Since a ‘i~|,;Tam mass is juiUc.d (.nward 

the (sirlh with twici* as nnicli I'nrci' as is a l-ijjraiu nuuss, and 
since btith, when alhmt'i! fall, actjuiin* ilu* sanu‘. vchniity in 
a stMManh it bdlnws that, in this case tiu' imnut'iituniH prodiKu^d 
tn (hr hr*i hi/ (hr (im J'urrrs <frr r.nfrtljj jiraprrdoiud (o the 

/••I't'cH t hrniHrlrrs. In all cases in W'hicli forces simply ovmxtonu*. 
inertias this rule is found to ludd. 'Thus a. dOOO-puund pull 
on an auiomtjbile on a levid road, when^ frit’tion may Ix^ nef:^- 
leeteil, imparts in a second just tw'iet* us much vidoeit.y as 
does a IhlltLpound pull. In viiuv of (his ndatiun Ntnvton's 
sceoinl law (jf imdion was staled thus: 

Ihttr Iff rhniu/r a/ nh^innitum h pvopor- 
(luiutl (n (hr j\trrr fU’/Z/e/, and takra plarr 
i)i (hr dirrrdon hi whirh (hr furrr artu, 

130. The third law. W'heu a man 

jumps from a boat, to (hi* shore, wa* 
all kmnv (hat the boat experii*nees 
a backward thrust ; when a bulltdt is 
shot from a the «pui reiadls, or 

“kicks”; when a billiard ball strikes 
arndheix it loses speed, that is, is pnslusi hack wddle t-lu* second 
hall is pushed forwartk 'Hu' followdn^ (‘Xperinusit wdll show 
how eOVi'ts of this sort, mity he studied (puintiUitividy. 

Lt*^ a hr«*fl hall .1 txt) hi* iilluwed it» full from a i»oHilion 0 

uy;uin^il aaotht'r exuedy hiauhir hall /». lii the uuha<'l. .1 will In.se pruo 
bciillv all t‘f its vehM'ity, and /> will mnve In u jmMit.inu /t wideh i.s at. 
praetieallv the Hiiine height um O, Heuei* the velneity ac'i|uire(l hy K in 
uhated exaellv eipud tn that, whitdi J hud hiUnre iUlpuet. I hese velnc- 
itie.'S wnitld he rxui’tlv ei[uul if tlit' hulln wi'O* perfeiSly elantie. It in 
fntmd t«i lu* exaeilv true llial tlu^ innmeritum aequireil hy /? plus that 
reUuned hy ,1 in ea^iuily equal tn tie* mmueulum which A had hehai^ 

t 


llliUiHlliliaiUlIiiilU 



l'’iii, OM, IllUhl ratinii of 
tliird law* 



the impact. The momentum acquired by 7 j is therefore exactly equal 
to that lost by A . Since by the second law change in momentum is pro- 
portional to the force acting, this experiment shows that A pushed for- 
ward on B with exactly the same force with which B pushed back on A. 

Now the essence of Newton’s third law is the assertion that 
in the case of the man jnraihng from the boat the mass of the 
man times his velocity is equal to the mass of tlie boat times 
its velocity, and that m the case o£ the bullet and gun the 
mass of the bullet times its velocity is equal to the mass of 
the gun times its velocity. The truth of this assertion has 
been established by a great variety of experiments in addition 
to the one on impact given above. 

Newton stated his third law thus: To every action there is 
an equal and opposite reaction. 

Since force is measured by the rate at which momentum 
changes, this is only another way of saying that whenever a 
body acquires momentum some other body accpiires an equal and 
opposite momentum. 

It is not always easy to see at fii’st that setting one body 
into motion involves imparting an equal and opposite momen- 
tum to another body. For example, when a gun is held against 
the earth and a bullet shot upward, we are conscious only 
of the motion of the bullet; the other body is in this case 
the earth, and its momentum is the same as that of the bullet. 
On account, however, of the greatness of the earth’s mass its 
velocity is infinitesimal. 

131, The dyne. Since the gram of force varies somewhat with locality, 
it has been found convenient for scientific purposes to take the second 
law as the basis for the definition of a new unit of force. It is called an 
absolute or C.G-.S. unit, because it is based upon the fundamental units 
of length, mass, and time, and is therefore independent of gravity. It 
is named the dyne^ and is defined as ike force wliich^ acting for one second 
upon any mass, imparts to it one unit of momentum; or the force which, acting 
for one second ujwn a one-gram mass, produces a change in its velocity of 
one centimeter per second. 



NKWTON’S LAWS OF MOTION 


99 


132. A )5,ram of I'otco tniuivalont to cjjio dynes. A of was 

lit'jiiOMl as lilt* poll nl' (hi- isirlli mion 1 I'l'iuu of iiiass. Sinn* l.liis |Uill is 
isipaMo of imparling Liis mass in 1 .scrund a vchicily of omiti- 
im'i«TS jior ^il•roml, Ihal- 1>SI) miits of inonmnlnm, ami sim*»‘ a dyuo 
is I1 h‘ form* roijuiri-d t<i imparl, in 1 second 1 nnil. of momentum, it is 
clear Ural- Un* I'ram of fnrer is eijuivali*nt to *.ISU dynes id’ force. 'I’ln* 
dwie is tlnn-efiirea \ «Ty small unil.alxml ripnil (o (In' foree with which 
(he oarlli attracts a fuhic millimeter id' water. 

133, Alt^ehniio statement of the .-kmuouI law. If a for<*e /•' acts for / sec- 
otidsoii a mass of m p.r,ims, and in .so doinc; increases its velocity r cen- 
timeter.s pi*r .second, then, .since the total momentum imparted in a time 

{ is /;/<’, the monn’iitum imparted per second i.s ; and .since force' in 
ily nc.s i.s eipial to moment um imparted per .'ii*coud, we have 

(«) 

Uut since * i.s the velocity ‘piined per sc'i'oml, it. i.s eipial to t.lm }L('c(‘ler- 

at ion (t, F'piution (>1) may therefore' In' wril.teu 

/*' mm {!)) 

'iduM is merely .slulint^ in the form of an I'quat-ioii tlntt fon'C' i.s 
ineastired hy I'ute of champ' in nmnu'nt.um. 'rims, if an engine, ufl.er ]»ull” 
ing for ditsee. on a train having a nncis <d' *J,()(ttt,()tMl kg., has giva'u it. a 
\eloeityof <i(| cm. pel* seeond, t he foree of lliepnll i.s ti,()t)0,()(l{t,()()t) X || 
j ,n{H),t}|itl,iini} dymvs. To veilm*e Ihi.s feirce to gram.s we ellviele hy 
and to rethice it to kilo.s wo divide further hy KtOO. Ilt'iiee t.In^ puli 
l•^^*rleli hy the engineou liie train * -i !! *'* '"* *ltlHl kg,, or 'l.ttSl 
melrie' hms. 


QUKKTIONvS AND PUOKLKMS 

1, Ualanee a ealltug eard mi the huger and place a eoin upon 
it. .Snap out the raid, leaving tin*' eoiu halanee<l on the tinger. 
What, principle is ilhedrati*dV 

2, Why «loes no! l he car ( ' 

/>! 





Kin. UT. A very ancient loop the )oo(is 


of Fig. hV fallV What canies 
it. from fi |o li ? 

3, Why does a flywheel 
cause imtelnnoiv to run more 
sleatlily y 

4, What pi ineiph- is iipplioti 

when out' tightens the heatl of a hammer hy pmitnling on tint hainlln / 
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rOECE AND MOTION 



Fig. 98 


5. Is it any easier to walk toward the rear than toward the front 
of a rapidly moving train ? Why ? 

6. Why does pounding a carpet free it from dust? 

7. Suspend a weight by a string (Fig. 98). Attach a piece of tlie 
same string to the bottom of the weight. If the lower string is pulled 
with a sudden jerk, it breaks ; but if the pull is steady, the 
upper string will break. Explain. 

8. If a weight ds dropped from the roof to the floor of a 
moving car, will it strike the point on the floor which was 
directly beneath its starting point? 

9. Why is a running track banked at the turns ? 

10. If the earth were to cease rotating, would bodies on 
the equator weigh more or less than now? Why? 

1 1 . How is the third law involved in rotary lawn sprinklers ? 

12. The modern way of drying clothes is to place them in 
a large cylinder with holes in the sides, and then to set it in rapid 
rotation. Explain. 

13. If one ball is thrown horizontally from the top of a tower and 
another dropped at the same instant, which will strike the earth first ? 
(Remember that the acceleration produced by a force is in the direction 
in which the force acts and proportional to it, 
whether the body is at rest or in motion. See 
second law.) If possible, try the experiment 
with an arrangement like that of Fig. 99. 

14. If a rifle bullet is fired horizontally from 
a tower 19.6 m. high with a speed of 300 m., 
how far from the base of the tower would it 
strike the earth if there were no air resistance ? 

15. In a tug of war each team pulls with 
a force of 2000 lb. What is the strain on 
the rope ? 

16. If two men were together in the middle of a perfectly smooth 
(frictionless) pond of ice, how could they get off ? Could one man get 
off if he were there alone ? 

17. If a 10-g. bullet is shot from a 5-kg. gun with a speed of 400 ni. 
per second, what is the backward speed of the gun ? 



■\ 


Fi G . 99. Illustrating New- 
ton’s second law 


A laboratory exercise on the composition of forces should be performed during 
the study of this chapter. See, for example, Experiment 11 of the authors’ manual. 
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MOLECULAR FORCES'^ 

iMoiii-K’i ■ LA u I^'oia'Ms IN Solids. I^.iiAS'i’iorrv 

134. Proof of the existence of molecular forces in solids, 
'riu* l;u*l (iiat. ;i i^’as will (‘Xpjuul wiilioul, limit ;is (.ho volumo 
di lh(‘ ftuitainiiii*’ vossed is iiU'rt‘asiMl, somiis (o sliow V(M‘y con- 
olu.sivtdy that tln^ mohsmlos of n’asos do not. o.X(u*l. any aj)))r('." 
i’iahl(‘ attraotivi* lurot^s upon oiu^ anolluM’. In I'atd., all of tlui 
t'xpfrinu'uts tjf (‘haptor I\' showisl that, such sul)stanc(\s aw- 
taialy hcliavt* as they \n>uld if tlit*y consisl.(sl ol* 

Kitift'riilra moviiii^ hilla’P and lliitlun* wil.h i^a’cat V(d()c,itii‘s and 
inllucucini?: i*ach (»tla‘r\s motions only at tlu‘. instants of c.ol- 
lision. I)ctwccn ctdlisions llu* molc(Mili*s douht-h^ss niovi^ in 
si rai_i!fht. lines. It must, not, howcvm\ he (.houi»'ht t.hat. t.lu'. dis- 
tances moN'od l)y a sinndty mohsaih*. hct-wism siuuu\ssiv(^ c.ot- 
lisious arc larLps In ordinary air these. dist.aiKM'S probably do 
not. averai^’i* more than millimetvr. Small, hoNV<‘V(‘r, as 

this (listams* is, it. is as much as one hnndn'd tinu^s t.ht*. radius 
td' a molecule. 

Hut that tlie imdeeules of on the. otlun* hand, eling 

|o‘^ethr*r with foret'S td’ «.p’ea(. majj^nitude is proved by sonu* of 
(lu* simplest, facts td' nat.nre; for s<dids not. only do not (‘.x- 
pand imlelinittdy like leases, hut. it ofttm reepuri^s (‘normous 
fore<‘S to pull their mohsmles a|uirt., dims a r(ul of oast shud 
1 eentiiuetei’ in itiametiM' may lu^ l(sid(*d wit.li a W(n*ght of 
7 .H tons lud’ove it. will 1 )(* pnlh^d in two, 

* 'rhinfhiij»n*r bh prro’tliul liy u liilmrjitnry I'xpts’lmcnl. in which 

Ihw D aLofjVco-a hy the pnril hn* ecrinin kiinlH of dc'fdrmiLtinti (Misily nnniHurntl 
in the Ittijurnlury. See, fur ejtuinph% Kxpcrhnmit, III uf Lho aiithurH’ iiuuuuil. 



"riu\ following’ iin*, iJu^ \vrii;*li(s in K il< in-i-cssai’y 
broak drawn wires of dilVcrciil. maliTials, 1 niilliiuff, 

in cross scctiDii, l.lic sii-callcd n‘lali\t’ «•! ihr w il’^. 

Load, ii.lJ ( 'nppor, o 1 1 i*'n, V / 

Silv(‘.r, il7 I'hititium, l.’l So . !, ai 


135. Elasticity, \V(M*aii oblain addil i«nial iuha-mat it in al»i)i 
tlio molecular forcivs e.xistini;* in (lirfcrml snl»:.tanrt*-. by oiuil' 
ing wliat happtais wluai tlK‘. weights aj»}'lie«l art* imi huy 
— enough to break the. wires. 


'i'lniH l(‘li a stool win*, fur lAaniplf N<i. Mr; piann uir 
be HU.sp{'iiil(‘(l from a lieok in (ho tMhlmo., uufl U-i tin- 
bo. wra|))H‘(l tijn'ht.ly about imo ojul »»!’ a nn tri ;4 irl. .i . in t’i.., 
Jjtd'i 11 fiilo.ram c bo jiIao(*tI in a in»t< h in (ho . tiri. .U a <iia;uii 
of about n o.m. from (.In' jutinl. of aU.n-lunont (••flu’ u o r, 'nul t 
tlui otlu‘r 011(1 of th('. stick bo j iro\ ith-il with a t nit f in-.‘ nn »i!r, mi 
end of \vhi(di is o|»|iosit(‘ I ho vorlioal mirri'r «mIo L.-t m.inr 
\V(‘i^'h(uS Ik*. a|ipru‘(l to tlu* jiaa /* (*> plaor (br wor nnth r ji,.| 
toTisiou ; then !(*(. the roacUiiii; of (ho }.i.in(or p mu liir ,ra!r \ I 
talnm. L(‘t il or •! kilogram woipjil » br aii»ir»i aim- .r.rh I 
the pan and tho (‘(jrnvspoudimv po-iiiinii i ai thr pMiutrv o ai 
'riam hdi tin* r(‘adings lu' takon av,ain a * tiir %\< i.jsi . as-* .um- 
sivoly r<‘.movod, In (his lust oporal ion Ih** piant'-r adl pjMb.ibj 
b(^ loiind to come back osaolly (<» j( ♦ (ii ( p«> jfoai 




'riua ehaiMriori d io uioi h (h 
sieel has Nhi»\\n in lhi» rxprr 
iu(*nt, i>j’ rotmning {.i its uri». 
inal Ieng,!h when tin- -.{n-tohin 
weiglds an- rent. o,rd» i- an iihe 
(ralitjji t»r a |>n»|»fai\ ji»o.:*r-ise 
tn a greater nr h- . » i-Monf i»v a 
stdid luKiifS. 1( is rallrd f /asfirifi 

136. Limits of perfect elasticity. It’ a .miilioirnilv lar^ 
weight is ti])i>lie(l to Mu* i‘in! of (he ware of iMg. Ino^ it will 1. 
found, that the pointer does not nduru i-\a»'tlv tn ii. uriejn; 
position when the widight is rt‘iuoveil W'e h,i%, f hen-inn-, tin! 


Fin. 100. Kilustio.il.y of a sl.i-ol 
wire 
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is /K'rjrrfff/ only .so loni^ ;ih t-lui distorUni^ r()r(u\s 

urr ki'pt- williih (UTtain liinils, and Uiat, as soon as ^lu^s(‘ liiniis 
arn (ivrrslrppnd, !(■ in» loiin-rr shows ptn’fcci, (‘lasiiialy. DilTnr- 
cut. snhs(aiu't‘s dilTnr vci'V i^'nsvt ly in lla^ a,nioniit of dislorlion 
wliirh tlu'V can siisiain hi'Tori* they show this failure, to rc^tin-n 
oonipli'l(‘ly to ihc orin'jnal sha,p(‘. 

137. Hooke’s law. i f wo exainiiu'. l la*. s( rtdclu^s produoisl hy 

(ho suooossivt* aihlilion of kiloLvrain wtnijiiils in tla^ ox p(*rinu‘.nt 
of § Ido, I Oi), wo shall liinl that l.h(\s<^ sl,r(d.ohos arc*, all 

isprak at- loas(. within (ho limits of ol)sorva.(.iona.l in’ror. V(‘ry 
oai’oi’nlly oondiioltsl oxporimoiits laivi*. shown ihal. (his huv, 
nanioly, (hai (ho suooossivm applioalion iif (apial h)roi'S pro- 
diioos a suooossion of otjual siiu^i.ohos, holds vv\y (‘.xaid.ly for 
all soiis of olas(io disphioonuads, so loni(, and, only so lono*, 
as (ho limils of pi*rfoo(, o.lasdoh.y a.ri‘. not ovm’s{.(‘ppi»d. This 
law is known as Itur, afl-or (lu^ Kmo'lisinnau R.ohoi’t 

Ilooki^ ( Iddio 1703)). AinMlan* way of sliU.in<j^ (.Ids law is (-lu^ 
followiiii*; : thv IhnifH af' rUtAtlritjj rlaafla ({('fonnd- 

tifuis ttf ttiuj surly l»t' iht'jf lirisfs or Isnuh or slrrlc/irSy arc iUrrclIti 
yj/'/y/or/'/n/nr/ h* thr fortu\s iirf»t/ii(U h</ (hnn, 

138. Cohesion and adhesion. 'I'hn ])ro‘oialin<if (‘xporinionl.s 
ha\»' ]ironj»ht out (la* fact- (hal- in (ho. solid oondil.ion, a(. h^asl., 
inol(*onh's of (ho Sana* kind oxin’t aitra('tiv<*. fonass upon oin*, 
anodior, 'That mtdo(*ul(*s of unlik(* snl>s(aiu'os also ox(n*l, 
nniltmlly at(rai'dv(' forces is tapnilly (rms as is pi’ovcal hy 
(ho fuel, (hat ivhn* sticks (o wtaal with (rtmumdsHis i.o.nac.it.y, 
mortar ttj hri(*ks, nickel plalini^ U) iron, (*l.o. 

d'ho forces w liifh hind li/cr kinds c)f nioh‘c,iilos (.o[>’o.l.h(‘.r a-ro. 
cotnmonly calhal t’o/h’slrr f'on'rs ; (hose, whi(rh hind (-oj^(‘l.iH‘r 
tnoloculos tif unllkr kind arc calhal atihrslrr ft»rc(‘S. 1'hus \\’i\ 
say (hat luncilaip* sticks (o wood hi*ca.nsi^ of itdhvslon^ while, 
wotal ilsotf ladds loj,p‘(hcr ho(;a((S(* of rohrsitHL Aj^'ain, adla^- 
sion hohls (ho chalk to (ho hlacklaKird, whihi cola^sion holds 
(o'ndhor da* purtioh^s of the, crayon. 
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139. Properties of solids depending on cohesion. Man y <>f 
physical properties in which solid suhsiaiici's dilTn* from < 
another depend on diirereiUHss in ihe coht\sivi‘ rorci‘s exist 
between their luoleciiles. 'rims wr, luv. aceiislonuMl (,o elas.'- 
solids with relation to their lairdiH'.ss, hritMiau'ss, duet ilily, n 
Icability, tcnac.ity, (dastuuty, (dc.. 'Fhe, last two of thest* (ci 
have been suriuiiontly (^xplain(Hl in iJit*. pri'ccdiut'* para^'rap 
but since coid’usion sonictinu‘.s arisixs from railure to uiidcrsi; 
the first four, the ttvsts for tlu\s(‘, propi*riies arc. lirvr. givim. 

We test the relative /KtrthirsH of t.wo bodies by st‘(‘iiig wli 
will muitali the otlun*. 'rims tlu^ diamond is llu' hardiest of 
suhstaiujcs, since it seratclu^s all ol.lun’saml is sm’alelied by no 

Wo test the rclativ(^ hrittlcnvHs of two sithslanees by see 
which will hreak most (‘.asily under a blow Trom a liammm’. 'I'l 
glass and ice arii veay hriUh^suhsl.anees; leail and eoppto’ arc i 

We test the relativcw/zc'/" ////// of l.wo Ijotlics by seeing wh 
can 1)0 drawn inlo (hr (hhuwr wirr, IMatinum is tb(‘ most, d 
tile of all substanc.(‘.s. It has hium drawn into win\s but ,n()( 
ineli in diam(‘te,r. (Hass is also v(»ry ductile when snUieii'ii 
liot, as may hi^ nuidiiy shown i)y healing it. to softness ii 
Buiiseu ihums whe.n it may he drawn into threads which 
so line as to l)(^ almost, invisible. 

We test, the re.lative mall raid fit if of two substances by see 
whi(di (.uin be liaminrrrd^ into (he (htnnrr shrrt, (iohh the m 
malleable of all sulvst-amu^s, has htum haium«*red iu(t) slit! 
itd iKTTilT thi(dcm‘ss. 

QUESTIONS AND PROBLEMS 

1. Why iir(^ springs miah* uf hU'c*! niMen* than «»r »’ii|ij»erV 

2. If a given W(‘ight is re<[nir(*<l to break a givtai wire, Imw in 
force is rcMpiired to break Uvn sinth wires lianging sidt* by Mide? 1 . 
niiud) to hnaik oii(‘ wire of i.wiiM* i.he diaineler? 

3. What must )>e tin* (U’oss Heet-inn nf' a wire nf etipprr if if is f«» h 
the sanH‘. tcnisih'. stre.ngth (that is, break with tin* ntune wrigle ) a 
win* of iron 1 sq. nun. in (tross S(*«d.ionV 
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4. How ivKiiiy iiint's "roatnr nnisf*. tho diaineler of one wire be than 
thai'. of an()i,li(‘r of i-lu' sjuuc material if it is to have five times the tensile 
St'.r(MlL*‘tll ? 

5. If the ]M)Hiti(m of the ])ointer on a spring* balance is marked when 

no load is on tln^ and again when the spring is stretched with a 

load of 10 g., and if tlu'. spacu^, between tlie two marks is then divided 
into Urn ecpial ])arts, will (‘.aeh of these parts represent a gram? Why? 

MoLhxuJLAu Koiancs in IjIqitids. OAPibLARY Phenomena 

140. Proof of the existence of molecular forces in liquids. 
Ului fiudlil.y with whi(^li h<|ni(ls cdiiLiig’c^ tludr sluipo miglit lead 
Tis to suspend-, t.luit the inoleiuilcis of siudi substanecs exert 
almost no fonu'.s upon one anotlun-, but 
a simple (‘.xjKuduumt will show that this 
is far f]*om true. 

By iiHMins t)f sj'aling wax and string let a 

glass plat(^ b('. siisjunuhsl horizontally from oiuj 

arm of a halanee, as in Fig. lOI. Afb'r e(pnlil>- 

rium is obtaimsl hd. a surface* of wabs* ))e ])lae(*d 

jnst b(‘neatli tlu^ plat(‘. and the. beam ]>ush<‘(l 

down until eontaid. is inadt‘. It will lx* found , . .. . 

, , , , , , , . , , , eohesum ot water 

nets'ssary b) add a (s>nsi(I(‘rabl(*. w(‘iglit to tlu' 

opposing pan in oi’der to pidl tlu^ plaU' away from tlu.*. water. 8inee a 
layi*r (d* wat.er will lx*, foiiml to e.ling to tlu*. glass, it is (wident that tin* 
added fonx* applied to tin* pan has Ixu'u (^xjie.iuhul in. judling watm* 
molee.uhss away from wat(‘r inolec.uh's, not in jmlling glass away from 
wati'r. Similar (‘Xperiinents may he ])erfor]m‘.d with all li(piid,s. Tn the 
<*.as(‘ of mere.nry tlu* glass will not lu^ found to b(^ we.t, showing that the 
<udu‘sion of nun'e.ury is greater than tlu.*. a(llu‘.sion of glass and mercury. 

141. Shape assumed by a free liquid. Siiiee, then, every 
mol(‘.(ail(‘. of a rupiid is pulling on every other inolecule, any 
body of licpiid whi(di is fnu*, to take its natural sliape, that is, 
whie.h is aebxl on only by its own eoliesive foiru^s, .must draw 
Itse.lf togidber until it hits i.he smallitst possible snrfaee eorn- 
I)atibh‘. witli its volunu*. ; for, sineo every mohumle in tbc snrfae.e 
is drawn toward tlic interior ))y the attraction of the molecules 
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within, it is clear that niolc(ail(\s must coni iinially movt' t(»wa.nl 
the center of tlio mass until tlu', wlioh^ Inis ri'achcd llu* most, 
compact form possihic. Now the gcouu'.trical (ij^urc which has 
the smallest area. 1‘or a givim voluuu^ is a sph(a*(‘. \V(‘ conclude, 

thercL’ore, that if wi^ (M)u 1(1 n^rauu*, a body of li(|nid from (he 
action of gravity and otlun* oulsidc*. Torci'S, i(. would a.l once 
take the form of a pin’hH'li sphen*.. This conclnsit»n may lu* 
easily verilied by tlu'. following (‘X[)(‘rinu‘n(. : 

L(‘t al(U)li()l h(*, juldcd io waller unLil a .solid. Inn is ohlatnod in wliirli 
a drop of coiuniou luhrical.iug oil will lloal. al> auy doplh. d’licn with a 
insc.rli a larg(‘- i^lohulc. of oil iKMUsdli l-lu‘ .siirfai'^*. 'I’ho oil will 1 m* 
sciMi to lloat as a p(*rfc(d. sjdicn* within the body 
of I.Ikh ruinld (Fi;4‘. 102). (Hidcss tlu^ drop is 
vi(*AV(ul from above, th(\ vi'ssi'l shoiihl have 
Hat rather than (‘.ylindrieal side's, ol.herwise the 
ciirvc'd surfaei'. of the \vater wall aid. lllo* a lens 
and make tlu; drop (ijiiwar flatteiush) 

The reason that litiuids are not mon; 
commonly obscirvml to ta,kt‘, tli(‘. splu'rical 
form is that ordinarily tin*, forct; of gnivity is so largt' as Io 
bo more iulhnmtial in dt't(‘.rmiiuug (lu'ir shape than an* (he 
cohe.siv(‘. forct'.s. As vtn'ilicatioii of (his slalcincni- wc ban* 
only to obst'.rve tlnit as a luuly of liipiid hcconics smalhw 
ami smalhiiv (hat i.s, as llu; graviliU ioinil forces upon it. 

luHtome ](‘.HS and U;ss, i(. docs indeed lend more and inori* 

to tak(i tin; s[)h(U‘i(;al form, d'hus vi'ry small globules (d’ iner- 
(diry on a tabh; will bt; found (o In; almost. perIVtd. sphere's, 
and raindrops or minuti; yAd/.b/// imrtieles of all litpiids jtn* 
t]iii(.e ae.(aivai.(;ly sjiluuhad. 

142. Contractility of liquid films ; surface tension. 'The tend ’ 
(‘uey of litpiids to assumt; (lit; snuillesl- possible surface fni’- 
nislies a simple explanaUou of the eonlraelilil y of lifpdd lilms. 

L(;t a Heap hnlihle 2 nr 0 ineheH in diauiel.t'r he hluwn tm the 1 m>u1 
of a and tlnm allowed tn Htiind. It will at ntieu ln-^in In Khriak 
ill hI'/a; and in a few mmulen will <li.sa[»pear w'ithia the howl nf the pipe. 



I'ko. Itr.h Splu'rieal 
^'lelinle nf oil, free«l 
fr«»jn a(’( itui of /O’avity 
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'rho. of ilH‘ ])iil)l»l(‘ is simply oboyiiig iho iondeucy to rodnoo its 

Hurfiu‘(‘. to a iniiihuuiu, a toudoucy wliioh is diui only to the mutual at- 
traidiious whicdi its mohamltis exert uj>ou one aiiotlier. A caudle flame 
lield opposite tlu*. ope.iiiiig* in the stem of tlie pipe will be deflected by 
tlu‘. current of air which the coutraetiug bubble is forcing' out through 
tlH‘. sb'iu. 

Again, let a loop of (inc^ thnuid 1 k\ titid to tlui edge of a wire I'ing, as 
in hig. 10b. lj(‘t the ring be dip\HMl into a soap solutiou so as to f oi*m a 
111m atu'oss it, a, ml tlieii le.t a hot wire ])e thrust througb the film inside 
tli(‘. loo}). I'lie bnnhme.y of the* film outside of the loop to contract will in- 
stantly snap out tbi', thre/ad into a perfect circU', (Fig. 104). The reason 
that tli(‘ thread takers ilie circular form is that since the fllm outside the 



l(>t)p is striving to assunu'. tln^ smalli'st possihle surface, the ariui inside 
tie*, loop jmist of e.oui*s(^ iKie.onn^ as large*- as jxissilfle. TTie cii’ide is the 
figures whicdi lias (.he largi^st ]H)Ssihle area for a given perimeter. 

L(‘t a soap (ilni lie fornusl aiu'oss tlui mouth of a cl(‘.an 2-inch i imiuil, 
as in Fig. lOh. OTie teudeuc.y of the him to contract will be siiflicient 
1,0 lift its weight against tin*- force of gravity. 

T7u‘. Uovdiove.y ol‘ a luiui<l to riiduco its cixposc.ul surface to a 
nuiiiiuinii, that, is, the Umdency of any liquid mrfaae to act like 
a Htirtokrd rhtHtic vwmhnme in called mrfaae temion, 

143. Ascension and depression of liquids in capillary tubes. 
It was sliown iu (diaptcr 11 that, in goiicral, a licpiid stands 
at the. saiiKi loved iu any nuiubci* oi; conimunicatiiig vessels, 
d'hc following t‘.xp(U‘im( 3 uts will show that this rule ceases to 
hold iu ilio case of tribes of small diameter. 
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L(vfc ii seri(‘a of capillary tulx^s tjf (liaiiu‘l.<‘r varyini^’ Iroiii 2 lum. l.o .1 imi 
be arranged as in Fig. 10(5. 

When water is pour(‘d into th(‘. V(‘ss(‘l it will be lmin<l li> risi* liigla. 
in the tubes than in the v(‘ss(»l, and it will bi‘ s<h‘ii that sinalh; 
the tube tlie gnniter tlu‘, lunglit to wlbuOi it rises. 

If the water is n'phuR'd by nu'nuiry, how<'Vei% tlu* 

(*rf(‘cts will be found to b(! just; iiivc'rted. 'Flu^ luer- 
cury is de-pressisl in all the tubes, th«‘. (h‘prt*ssion 
being greate.r in proportion as the, tube is sinalh'r 
[Fig. 107, (1)]. 'Fins (h'.pression is most, easily t>b~ 
servc'.d with a U-tube Iik(‘, t.luit shown in Fig. 107, (li). 

Expcirimc'.nts of this sort* havc^ (\slu.l)lislu*(l 
the following; laws: 

1. ]ji(pd(h rUv. ui capiUitrjj vz’/z/vz thcji 
are mpahle of 'leeUinu hut are depreHnetl 

in tahe.H wliieh (keif do not weL 






bH). Ivise ( 
liiiuiils in ('upillar 
tuhes 


2. The elevation in the one e(a>e tool the dej>rein^i(oi in th 
other are inver^elf/ proportional to the diameters of the tubes. 

It will 1)0 notic.cul, too, that when n. licpiid rises, ils surfae. 
within tlu^ tulH‘, is c.oiH'.avi*. upward, a.nd wluui it. is deprosst' 
its suri’ao.o is c.onvc^.x u[)wai'd. 

144. Cause of curvature of 
a liquid surface in a capillary- 
tube. All of 1.1 idTtuds pn^' 
sontod in the last pa.ra,gra[)h 
(uin 1)0 i*,xplaiiu*d hy a (‘on- 
sidoration of (‘olu^sivo, and 
adluisivo foria^s. 1 Iowov(M', 
throughout the explanation 
W(‘, nuist kiuq) in mind t.wo 
laiuiliar laots: lirsi, that the sarjdf'e of a htnlp tf abater at res 
for e,va,hiple a ptnaf is at ripht aaf/leH to the reHultant forci 
that is, uraviUp whieh, nets npon it ; n\n\ second, (hat the fau. 
of gravity aetiny on a •minate aiiaatut tf litpa'tl is ner/liyihte i 
aumpurison with its ow}i, eohesive furee (siui § 1-11 ). 


(11 (*J) 



Khi. 11 ) 7 , I )i‘prr.*.;-.ion of uieretiry i 
cHipillarv IjiIm'h 
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Uonsidi'.r, iliuii, a very small body of liquid close to the 
point 0 (Kip,\ 108), wlun'c water is in contact with the glass 
wall oT the tube,. Ld, the cpiautity of liquid considered be 
so miuu(.(^ tliat the iorce of gravity acting upon it may be 
disregardcMl. 'Tlu^ loine of adhedon of tlie wall will pull the 



Vui. 108 Vui. 100 

Eondil.U)!! Cor oltwaUou of a liiiuid ntiar a wall 

li{|uid parilc.h^s at o in tlu^ direcition. oK 'Fho force of aolmioii 
of tlu‘, licpiid will j)ull tlies(i same particles in the direction oF, 
d1i(^ r(‘,sultant of tlu^.se two pulls on the liquid at o will then. 

r(‘.pr(!sent(‘d by olt ( Fig. 108), in accordaiuio with the paral- 
UOogiiim law of (dia|)t(d’ V. If, then, the adhesive force oFJ 
(^xiuuals th(‘. <!olH‘.siv(^ forci*, oF, ih(', dircic,- 
tiou oil of i\\o. r(‘,sultant forc-e will li(‘, to 
tlu‘; 1(01 of the v(udhial ovi (Fig. 109), 
in wliidi case, since the surbuu^ of a 
Ii<iuid always assunuis a j)ositiou at 
right siugli'.s i.o tli(‘, resultant force, it 
must ris(^ up ngainst tlui wall as wat,(n.* 
do(^s against glass (Fig. 109). 

If tlui (‘.olu‘sivi^ fonui oF (Fig. 110) is 
strong in (ioitiparison with tlui adhesive 
fonu^ e/(, th(‘. r(‘.sultant oil will fall to the right of the v(‘,r- 
tical, in which e.as(‘, tlui licpiid must be deprcissed about o. 

Whe.tlu'.r, ihioi, a. liipiid will ris('. against a solid wall or bo 
de,pr(^ss(‘,d by it will (hqxmd only on the redativo Htreaigths of 
the adh(.isioii of the wall for the liquid and the cohesion of the 



Via. 110. (Jondilion i’or 
(;lio dopimsiouof ali(j.uid 
]i(*ar a wall 
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rujiiid for itself. Sineus nu'rtuiry dot's not wt‘t j^'lass, \vt‘ know 
that eolit^sioii is here rthativt'.ly s(-rt>nLC, sind we. should expee.l., 
therefore, that the intu'enry wonitl ho dt'prt'ssed, as indtMMl \yo 
find it to be, Tht', fjiet tliat. water will wt'l. L;*lass indieates that 
in this taise adhesion is reJativtdy stroiyij;, atid Iumuh' wt‘. should 
expeet water to rise', a.o'aiust the' walls of tiu* contain iiu^ vt'sstd, 
as ill fa-tdi it doi^s. 

It is e.h'.ar that a litpiid which is di'pn'sst'd lu'ar tht‘. ohi^o 
of a vertical solid wall must assunu^ within a lube a surfatu^ 
which is aonviw. vpwanU whilt*. a litpiid which rises au;a,inst. a 
wall must, within sutdi a l,uh(* be ro/i(‘((ro upwttnl, 

145. Explanation of ascension and depression in capillary 
tubes. As soon as tla^ c.urvatun^s just nitsitionetl are pnulueisl, 
the cone.ave surfac.e aoh ( Kig’, 111) tends, by virtin* t)f surface 



Fig. Ill Fm. llii Fig. IIS Fig. Ill 

A concave iikmiIwuih oauHCH a rino A ctuivcx nuMiiHiuia rauMCH 

in capillary tulu\ a full 


tension, to straightmi out into tin'. Hat siirfaet^ auiu Hnt it no 
sooner thus b(>,gius to straighUm out than adhesinu apiin itlt*- 
vat(iH it at tlie (ul^ftxs. it will bo semi, tlu'refons (hut the litpiid 
must (U)ntinu(^ to ris(‘, in the tube until llu‘- wcii^bt i>f the vt»b 
unui of litpiid lifti^d, namely amnh ( Ki|,(. 11-), balauet's tlu^ 
tendtme.y of the surfatu^ aoh to flatttm out. d'hat tht', licpiid 
will rise higher in a small tube than in a largtt orn* is to bo 
(ixpet'.Uul, sintG', tlu^ weiglit of tlit‘. column of litputl to lu* sup. 
[)orted in the small tube is less. 
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Siiuilarly, lUv. coiivtix niorciiiy surface aol) (Fig. 113) falls 
uiiUl ilie u[)war(l pressure at o, due to the deptli 7^ of mer- 
t!ury (Fig. Ill), balauces the tendency of the surface aol to 
llalrUMi out. 

146. Capillary phenomena in everyday life. Capillary phe- 
nonusia [)lay a V(S‘y iiu[)()rlaiit part in tlic processes of nature 
aJid of evinyday life, llius the rise of oil in wicks of lamps, 
the (H)inplet(‘. welling of a towel wlien one end of it is allowed 
to stand in a l)5isin of water, the I’apid absorption, of liquid by 
a lump of sugar when one c.ormir of it only is immersed, the 
Inking U(> of ink by blotting paper, are all illustrations of pre- 
cisdy tlu} sa-nu^ [jluaionuma which we observe in the capillary 
tubes of Fig. 10(1. 

147. Floating of small objects on water. Let a needle be laid 

V(a*y (‘.artdully on tlie Hurfjuui of a dish of water. In spite of the fact 
tlial it is n(‘arly (^ight tinu‘s as dcaise as wahn* it will 
Ik'. found to lloat. If tiui luuulki has hetm ju'cvioiisly 
nuigiu‘Uz(‘(l, it may made to mov(‘. about in any 
diuu^tion over tlui surfacu*- in ol)(‘.<li(uice to tlu‘ pull of 
a magm‘t held, for examples, underueafh the table. Pkj. ii 5. Cross 

T .. P . ... Hoefcion of a 

I () (hs(‘.ovtu‘ tlui c.anse of this apparently nn- Hoating needle 

possible plienonumon, (examine (dos(dy the sur- 

fac.ci of i.luj water in the immediate neigbborliood of the 

mu^dh*.. It will bo found to be d( ‘pressed in the manner 

shown in Fig. 115. 'rhis furnishes at once the explanation. 

So long as the iHuuHe is so small that its own weight is no 

gi‘<‘atcr (Jian the ujnvurd forcui excu'fed upon it hy the tend- 

<suy of th(^ <liq)ressed (and therivfore (somtavcQ liipiid surface 

to sl.i‘aight(‘-u out into a Hat surface, the needle ciould uot 

sink in ilu^ htpiid, no matter how great its density. If the 

watiu* laid wt^t tlu^ neiulk^, that is, if it had risen about 

th(i n(i(‘,dl(j insttaid of bchng depressed, the tendency of the 

li(|nid surfac.ci to ilatten ont would have pulled it down into 

the Ihpiid instead of forcing it upward. Any body about 
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which a liquid is depressed will tht'.relcre cii tlu^ surhu 
uf the liquid U its mass is not too nTt^at. Mv(‘u il tlu^ Tupd 
tends to rise about a body wlutu it is [)ia*ii‘e.(.Iy eK*aiu an iji 
perceptible him of oil upon I)ody 
will cause it to depnuss tlu^ li( pi id, and 
hence to 11 oat. 

The above expmament i‘Xplains tlu^ Kno l u». Iumm-i waiuii 
!• •!. 1 j .n (III luirtifi' iiC wuU'r 

iamiliar phenomenon ol insiuas wa.lk~ 

ing and rnunino’ on tlu*, surfaei'. of water ( t'up 1 Id] in ap[)a 
cut (ioiitradie.tion to the- law of Ar(^liimedes, in aeeordaiii 
with wliiidi they should sink until llu'y displace (heir o\n 
weiglit of tlie liipiid. 

QUESTIONS AND PROBLEMS 

1. Shot ari'. aiade- by pouruit;’ Inul Ihrtnii’h a (m i 

of a tall t.()\vt‘i’ and (aitidiin;4‘ it in wattn* at tlu' butUnn. W hy an* ili 
splu‘.ncal V 

2. Would nunutury asiuuid a hun]» witdv ns <dl and \vaU*r t!«»V 

3. If water will rise 32 (un. in a l-nbe .1 nun. in fbaiin-n-r, hj 
will it rist^ hi a tube .01 nnn. in diameter? 

4. (laudlo ^‘r(‘as(^ may bi‘ nunoved fmin ehithiny; by ri»v»-rina 
witli blottiiif? j)aj>(*r and then passin;.;’ a Imt llalirtm n\rr Ihr pa(» 
Explain. 

5. Why <ln('s a small si-ream of watrr brmk up inin dmji'i in.iif 
of i‘airm/^<iH a (‘ontinuons t.hread? 

6. Why will a i>ie(u^ of sharjKuirneri'd p.lass lu’eniue oamdrd wh 
lieatiul to rtaliK'.Hs in a Hnnstui llann*? 

7. 'riie leads for peiudls are math’ by suhjctdini'' pnud^-nul ppaph 
to emormoUH pressures ju’otlue.ed by hydraulie. maelduf *. I’Aphun lu 
th('. pr(‘..SHin'(\ (thanjjfi^s tln^ powder to a eohereid- ma>M, 

8 . Float two mattdies an iiudi apart. 'r«»neh th«- uatiT betwe 
th(uii wit.h a hot wire’. 'The, inatelies will spring apart, W'hat. thifs i! 
show about the idTee.t (»f temperal-ure t»n Kurl’aee ifimiimV 

9. R(‘,i)(‘at the. e.xp(u‘iment, touehiu}.^ th«‘ water wit h it wirt* nmiMtei 
with ale.ohol. What do you infer as ti> the relative nnifnee ii-n-iioiiM 
aleohol ami water? 

10. Ituh a litth‘ s<ui]) on t)ne eiul <»f half a Itjuthpiek ant! lav it upmj I 
sui’facc of a larg'e vessel (d tOean st.ill w‘ater. i'Aphdn the observt'il nndtt 



Absouption (tasks by Solids and Liquids 

148. Absorption of gases by solids. Let a large test tube be 

lilled with animoiuji gas by heating acpia animouia and causing the 
evolved gas to dis}^ilac(‘. iuere\ivy in the tube, as in Fig. 117. Let a 
pitHU', of ediartuial an iiudi long ^ 

and n(‘arly as wide as tlu^ tulx*. H 

b(‘. heat(‘.d to nuhiess ainl tli(‘.n A D 

plunged IxsH'atli tln^ nus*<uiry. H 

Wh(‘u it is (!ool h‘t it b<‘. sli[)ped ( 'A j 

iimhn'neal.h l.ht*. mouth of tlie. 
t(\st tube and allow(‘d to rise? into 

tlu^ gas. l'h<*. nnweury will be ,, , , ... 

^ Im. 117. Filling tube with ammonia 

H(uui to rise, in the tuh(% as in 

Fig. Its, thus showing that Ui(‘. gas is being absorbed by the charcoal. 
If th(‘. gas is nniuixed with air, the mercury will rise to the very top of 
th(^ tube, thus showing that all the ammonia has been absorbed by 
the (diarcoal. 

'This property of alxsorl)iiig gases is possessed to a notable 
dcigrcio by porous substaruies, siicli as mecrsehaiun, gypsum, 
e.hare.oal, ote., (‘.specially cociomit charcoal. It 
is not improbable that all solids hold, closely || 

adluu'iug to tluur surrae.es, thin laytirs of the i j 

gas(is with wliic.h th(*y ami iu (ioiitact, auid that ||j 

the promiueu(H‘. of the plKuionuuia of absorp- |||l 

tiou in porous substances is due to the greait III 

(XK t(‘.n t of surhuHi p< )sscss(‘,d by siicdi substaiictxs. ISjlfeS' 

ddiat tlu^ sium^ substamte (‘.xerts widely il||||HHH 
(Urihnuit .ULraetious uj)OU tlic molecules of 
drllciumt gases is shown l)y^ the fact that anmionia 

char(!oal will absorb 1)0 timcis its own volume gas by charcoal 
of ammonia gais, ^5 tiuuis its volume of car- 
bon dioxides and but 1.7 times its volume of hydrogen. The 
UBtduhuxss of (iharcoal as <i deodori'/cr is due to its enormous 
al)ility to absorb (‘.(‘.rtaiu kinds of gases. 

149. Absorption of gases in liquids. Let a bcakcir conti^ji^g 
cold walur ho slowly heated. Small bubbles of air will be seen to collect 

^ HUHT 
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ill TunnluM’.s iipoii walls ntnl l'i> risi‘ llir liijiiid In 

surfa, (•«*., 'I’lial l.lu^v arn iiuUs'd l>ul)lil(*s nf air and un(-<»l idisun is|irn\c<l 
lir.st; by ilin bud- l-hal- i-ln‘y appear when 1 lic‘ li'inper- 
al.\ir(‘. is far below bni iiii*;-, and sc'c.uiid by i-lie bud. j lia(. 
i-liey do noli eonden.s(‘ as lhf‘y ri.s(^ into (be liii^lier 
and e.oole.r layc'.rs of l.lie, wafer. 

llio cx})nriinonii shows two thin*»*s: lirsi, 
that water ordLiiarily ('on(.{iins ('oiisi(I(*ra.l)l(^ 

(|uantiti(is of air disso]v(^d in il-; ii.nd si^eond, 
tliat tlio ainoinil- of air wliic-h wa.l('r (*an hold 
dec.rcuises as tiu'. hnnju'.raturo. rises, 'flu' (irsl. 
point is also prov(^d hy (-lie. (‘X isleina^ of hsh 
life; for lislu^s obtain the oxy^'in! wliieli (hey 
need to support life, not iinniediattdy from lln^ 
water, but from the air which is dissolved in i(. 

The amount of pfas wliicdi will he absorbed Alr^tn'p 

l)y wafer varies ^rndifly with iJie natiin* of (he wTier*'*'*' 

gas. At O'’ (b and a pressnu'. of 70 eentinuders 
1 (*.ubie e.eutinu‘,t(U’ of wa-tm* will abscjrh lOnO eulne. (amli 
nu‘(.(5rs of ammonia, I.S c.idiii'. ('tmliiiKdei's (»f <'arb(JiJ dioxidi 
and ))ut .0*1- eul)i(t (adii-innd.er of oxygidn Aniinonia ilself is 
gas iimhu* ordinary e,(ni(litions. The. e(nuiuereiul aepta uiinnoni 
is siiuj)ly ammonia ga-s dissolved in wa,ler. 

Th(‘. following <‘X[)erinn'n(f illiis(.rat(*s tlu^ abstirplion ( 
ammonia by watin,’; 

Ltd; the. /laslc /''( Eig. 1 D ) aiul fnbt* U lie filled wit h amnimua hy pas.sin 
a (nirrindi of flu^ gjis in iif a and niif fhmugh h. dlmii hd- n be enrkt 
up and h thrusf info a flask rit‘arly filled wifh wafer whieh ha.s bet 
nolortMl sliglifly red by1,ht‘. atldlfinn nf lil-nius ami a tirtip t»r tw** nf aei 
As tin* ainnionia is abstn’lied fhe. wafer will slnwly rise in A* atid as stu 
as it rtsudies A if will rush uj) vtaw rapitllv uid il I he upper Ibicdi 
nearly full. At tlie same l.ime (.h<* tsthtr will ehangt* fotiu re<l In bb 
bee.auHU of tlu5 action of tin* ammonia upon (he Ufmns. 

■Kxpe.rimmrt shows f-hat hi vrvry cttnv a/ (tfmtitpttnn nf u //- 
hy a lupiiil or a mlid^ ike f/iunUlly <f yar ahHorhril iri 
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(111 77/ ft'Diju'viiiuiU' — ;i r(\sull) wliic.li was to luivo been 

from (.ii(‘ kin(‘ti(*. l.Imory, siiioo incroasiiiir tlio luolec- 
ula,!’ voloi*ily nuisl, ol coursi* iu(*i‘(^iis('> tho. (lidu'.ulty wliitili tlio 
a(llu*siv(* lof(‘(‘s luivi‘, in n^(,aiiiini>^ tlu‘ i^a,s(‘,()iis luolooulos. 

150. Effect of pressxire upon absorption. Soda wa-ttu* is ordi- 
nary water wlTu^h lias Ixusi injuU^ t.o absorb larj^x; (]uaiititics of 
carbon dioxides <ras. ’’I'liis im|)r(',o’naUon is ac.c-oniplisliod by 
brinn’int*' (lu*, wat.tn* into ('ontac/L with ib(‘, o’as under liio-b 
pri‘.ssiir(‘. As soon as pn^ssni’i^ is r(iIi(W(ul ib(^ j^as passes 
rapidly out of solution, d'liis is the eaus(‘, ol! the eliaraeteristic 
(‘rrc.rv(‘S('(*nc(‘, of soda wai.in*. 'riu‘S(‘, facts sliow (*,l(‘arly tliat the 
ainouid. ol c.arbon dioxidti which (^an b(‘- a.bsorb(‘,d by wati‘,r is 
^n’(‘ater for lu«^di |)r(‘.ssur(‘s than for low. As a niattin’ of fact, 
c.a.r(‘ful cxpcrinu'iits lia.V(‘. shown that tlu^ a,inonnt of a.ny gas 
absorlxsl is diriaa.ly jiroportional to the iiressun'., so that if 
c.arbon dioxidi'. vindiu* a prc^ssiire of 10 atniosplu‘,r(‘s is l^rougbt 
int.o (‘onl.aitt with wat(U‘, tiai times as much of the gas is ab- 
sorbi'.d as i( it had lunm uiuler a [iressnrt*, of 1 atniosplioro. 


QUESTIONS AND PROBLEMS 

1. ( ‘apillary ar.tiou is nnaOi inon^ in brhis’ina’ inoistaro to the 

HarfaiM* in tigliMy padtf'.d soil than in. Ioohi' hoH wlHn-<i th(‘. .4pa('.(\s between 
l.lu‘ nartli pnrlb't'H are imudi gn^aier. Why, tluni, in it advantageous to 
erops (.<) I\*'op i.iu* Hurfac-e Inost*. (dry fanuiug)? 

2. Why do lislies in an a([iiariuiu du^ if tin*- wati'.r is not fn‘,queutly 
nnu'Wed V 

3. I‘)xplaiu tln^ ap])annit ginieratlou of anunouia gas wlnui atpia 
aniinonia is licaictl. 

4. Why lu the (‘xpernnent illustrated in I'ig, 111) was tli(‘ How ho mu(di 
inno' rapid after tlu^ wat.er began t,o run ov(‘r into /*’? 

5. lb»w ean yon t.iHI whetlnu’ hnhhl(^s whidi riH<‘. from t)u‘ bottom of 
a ve.ssel whieli is ludiig he.atcul are. bubbles of air^or Imbble.s of steam V 
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THERMOMETRY; EXPANSION COEFFICIENTS 
TnKKMMOMKTK'V 

151. Meaning of temperature. Wli(‘n a luidy Huds liol to tlu^ 
toueli we are aecuislonied to say iluil. it. lias a hufh irni/>rr(titin\ 
and when it feels (iold that it has a l<nr trni/irnitinr. 'Thus th(’ 
word tomperatnre ” is usimI to dtuioi.i's tlui condition (if llot.nl^s.s 
or coldness of the body whose state, is lu'injjf (h‘S(*ril)c(h 

152. Measurement of temperature. So far as wi‘ know, np to 
the time of (dalileo no one had (nnn* usial any special ins(nnni*nl 
for the nuaisunmuuit of hnnptn’ahun^. Ihuiph^ knew how liot or 
how cold it was from their huilin^iifs oidy. Hot under sonic con- 
ditions this temperature seiist^ is a vmy nnndiahh' ^ipiidc. Koi 
example, if the hand, has Inum in hot. watm*, tepid water will 
feel cold; while if it has heen in cold watm', tla* same tepid 
water will feel warm ; a room may had hot to om* who has ht*cn 
running, while it will feel cool to one wlio lias luam sitting st.ilL 

Diftievilties of this sort liave led to the introdnclitm in 
modern times of meclianiea,! devices, (adhal ihrnntnnvirrH, foi 
measuring temperature. These instruments dcpiaul for thcii 
operation upon the fact that practically all hodics expand as 
they grow hot. 

153. Galileo’s thermometer. It was in (hat. (lulihs). 

at the University^ of Tadua in Italy, constnn*tc<l tlu‘ tirst 
thermometer. He was familiar with the facts of expansion 

*It h ri^j'.omninndral tluit, tliin pn»<*tvl<Nl hy liilxu-utdry mi'UMUnv 

mmitH on tbo (^xpatiHiouH of a and a Holhl. Sno, for oxiuuplo, rUporlnnaitM M 
and 15 f>f tlio autliorH* inamial. 
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ot Bolids, and gases; and since gases expand more 

than solids or liipiids, he cliosc a gas as his expanding 
substance. 11 is device was that shown in 
Fip;. 1 120. 

ddie r(datlvt‘, hotness of two bodies was ]( 

(compared by (ibst^rviiig which one of the :>S 

two, wluai j)la(^ed in (unitaitt with tlie air 
bull), causiul l.lu^ li(piid to descend farther 
in tlu^ stinu /SI As a niathn* of fac^t, l)aro- ) ; ( 

ni(^tri(i as w(01 as tt‘in[)(U’atur(^ (^luuigc^s clause 
cJuing(\s in tlu^. lie/iglit o! tli(‘, ]i(]nid in the 
sUun of such an instruiuent, but ( hilihu) does '^0, Oaliloo’s 

not S(uuu to hav(^ biK‘.u aware of this facA’,. Umiinomotci 

It was nol. unt.il a.bout 1700 that nierc.niy thermometers 
werci invanUiMl. On account ol; their (extreme convenience 
tlu^s(‘ liav(‘, now rephuicd all others for prac- . 

tieal p\irposes. || 

154. The construction of a centigrade mer- 
cury thermometer. Tlu^ nu*.a.ning of a degri'-e 
of t(‘.nipt‘.rature ehangi‘, is l)est understood 
from a, (h'.sca’iption of the nuAhod of making 
and, graduating a nu*renry thtu‘mom(Acr. 

A bulb is blown at one cnid of ni pie(*,(‘. || 

of thi(:k"Walli‘.d glass tid)ing of small, nni- 
form bun*.. Bulb and tube art*, tluiu illhid with 
nu'.re.nry, ai< a t(mij)(‘.ratur(‘. slightly above tla*. 
higlu^st Unnpe.ratun^ for whie.h the tlunmoni- U 

eter is to lx*, nscxl, and tlui tube is sealed uk;, mi. MoUiod 
off in a hot llanu*.. As the mere.uiy (jools, it of tliuling llio 0" 
e.oni.racls ami Falls away from the top of the 
tulns halving a vae.num above it. 

Tlu‘. bulb is m^xt Hurronmlial with melting snow or ice, as in 
Fig. 121, and tlu^ point at which the mereuiy stands in the tube 
is marked 0"^. Thim the bulb and tube are placed in the steam 


FUJ, mi. MoUiod 
o£ llndiiig llio 0" 
point of a thor- 
luoinoUir 
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risiiio* fi'oiii hoiliiio* wiiii'.r, as in aial I In* new [Misit i<m 

of Llici iiionaiiy is marker! lOO''. 'I'lic s[)ar<‘ ct'n (h<^s(‘|\^{J 
marks on tim sUim is Ukui (li\‘i(!<Ml lOOatjuul jairis, ;ui<l 


divisions of ilu^ sanu^ ar<f (‘\lrndrd 

abovo 100*^ marie and brlow (Ik^ mark. 

decree, of chanijj'^^ in l.(‘mp(‘ral itr(s mras- 
ui'od on sm*,]} a U!(a*nioiiH‘irr, means, ilieii, 
siie.h a imn{)tirai.uri‘. eJiaiitj;’{‘. as will eanst* I he 
nuireuiy in ilui sl.(nn lo mov(^ o\'er one of 
tlu^so divisions ; Uiak is, it is such a Imupera- 
turn e,liang(‘. as will (‘.ans(‘, nu'nmrv eontainetl 
in a n'liuss bulb to (‘.x[)an(l ^ of ( he aniouiil 
wbioh it expands in passini*’ from llu* ((Miiper- 
ature of nudting’ ie-i‘. l.o lJia.l. of boiling' water. 
A tlu'.rmomettir in whi(‘.li (he- staik'. is dividt‘d in 



tins way is (ailliMl a (umtij^’raih' (lu‘rnH»nie{er. \ ^ / 

'rh(n'm()in(‘(,(‘rs irradmit i'd on I hi* et*nli[,>’ruih* '“Jl ' 

siaili‘. are nsial almost, i^xiilnsively in seieii j.,., 

i.ilie work, and also foi* onlimiry purpos{»s iir t.r fimiiu*/, ilu* mo 
most (uainl.ries Avhie.h have a-ilopled (he met rie !'''*»*< 
sysl.em. This sea.le. was !ii’s(, devised in 1712 
by (kilsiiis, of U])sala, Swisleii. h'or (his reason i( is some* 
times ealled (,he ( kdsins iust-iaid oi (he eiaitiip'mle seale, 
155. Fahrenheit thermometers, 'riii* eommi>n Imnsehohl 
thcirmoiiu',ter in haiL^Iand and tla^ Ibiited Stales differs from 


the eenti^rade only in (.he. manner of its ip*iuhiu(iotj. In ils 
eonsi.ruel.ion tlu‘, teni[)( 0 *al,ure of nu llin,i( iee is markml ;bj“ 
ins(.ead of O'*, and l.ha,(. of boilin*^ water 212” iiisteatl of !(){)“, 
The iiilerviuiini^f s(.e.m is then divided into Isn purls, 'I’he 
zeto ol this seah^ is (-he. (einperaliire ohlained hy uu\in^( eipial 
wei< 4 ’hLs of sal aimnoniae ( aiimioniniu ehloride) and smav. In 
1714, when hkihrenheit, o^)an/.i^^ (ii*rmuny. devised this seale, 
ho ehose this zero hec'aiise'he thou^dil il represenlist the lowest 
po.ssihle temp(n’aLurc, tliat is, the entin^ ulmenee u[ heat. 
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156. Comparison of centigrade and Fahrenheit thermome- 

ters. l^’rom (.Ik) iiioUkkIs of graduation of tiu*, Falireuheit 
and contigradi', thormonuiU'.rs it will bo soon that 100° on the 
ciadigrado. .soalo denotes the same (liffereiu^c ^ p 

of teinian-ature as 1 .S()° on tlu) ]''a]irenluiit ^ k 

scale { l<'ig. 1 iiil ). I liana', one Fabrenlaut de- 11 11 . 

IS (M|UIU (o (IV(^ iiinMis of a (uuiiijjjnuli^ ! 

(U'gHH', and <ini'. (u*uti<’'ra(lc^ dt'o’nu', is cajiuil 1 irtf 

(,o lifths ol’ a l<\dir{‘.nh(‘il, I 

A; rcdiKU' front ihr Fahrenheit to the eentf 

tio • ; 122 

(frade settle, Jlrst j!n<l hote vianjf Falirenheli 40 -^ ; 

tiejirees the (f teen tetiifH'ratnre is above or hehne tto"' • ; 

the J'ree:^hnf (etitfieratare, and then 'niuliii)]i/ liji ’ | 

flee ninths, ‘ J 

To rednre Jhnn eettflfirade to Fahrenheit, .... ■ 

first ninltlphi b\j nine fifths in order to find hoiv ■•i7.7s* 1 1-.- i 0 “ 

nianjf Ftihrenhelt tle<jrees the (jlven tempera- B B 

tart' Isahtme or hetoiv thej'ree^din/ tent peraf are, t|Pl 

Knoivlnjf hoivfarit is from the freern^n/ point, io;>^ 

It. ii'lll be verjf east/ to find lane far it is from. tiiul I<"aliroii- 

iV' F., ivhleh is Iti'loiv the freezinr/ point, luiil. husiUih 

157. The ran^e of the mercury thermometer. Siiuus nun*- 

niiry fnaacs ai ' dU" ( I.(‘,mpiira(.un^s lowaa* than this an*, v(u*y 
()ri:t'n int'iisuri*d by nu'aiisor a/eohol l.li(a'ni()nu‘,l(a‘s, for Uu‘, friur/- 
injj^ point, of almhol is 'Id()'*(b »Siinila.rly, siiuu', llu^ boilinj^ 
point, of nun'oury is iiionuiry tliornionuipu'S oannol. Ixi 

iiso.d for nicasurin*^ vmy ]ii|j;li tinnpc'.rat.iin's, b'or both v(ny 
high and vi*iy low i(‘inp(n’a.(.ur(‘.s, in ('a,c.t, for all (-cni[>oraUirt*.s, 
\\> pas tlun’monicti'r is (.bo standard inst-runuaii.. 

158. The standard hydrogen thermometer. Tlu^ inodcM'u g-as 
(.Iiorinoinid'Or ( I'd!) is, lioW(‘,V(‘r, wid(dy dilTcu'o.nl froin 
lluit. di‘visod by (Ja.lil(‘o ( I'do. Iiil)). It, is not. usually the, iu- 
laxuist^ in (.lio voluino, of a g;as ki'.pl uud(‘.r oonst.anL prossuni 
wliioh is takfsu as tho nioasuro of L(nnp(,iralairo obangc, but; 


catlier the increase in pressun? wlach Uu\ of a 

confined gas exert against the walls ol a V(‘ss(*l whusi‘ v(»l- 
LLine is kept constant. Tlui essential h?a(.un‘S nl (Ik* au'lhod of 
calibration and use of the sfaiulard li)'(!rogen thermnaK*ler k-I 


the International l^ureau of W(agh(s and 
Measures at Paris are as lollows: 

The bulb >5 (Fiji-. lO-t) is first filh'd ^vitli ii^'dn)- 
gen and the sj:)ac (3 ab()V<^ the inennny in the (nln* n 
made as nearly a p(*.rfe{d. vactmnii as possibt*. 11 is 
then surrounded with iiH'ltinj^- ic.e(aH in hit.;’, llil ) 
and the tube a raisetl or lowensl until the mor- 
curyin the arm h stajuls (‘xaetly opiiosili* tin* li\<‘d 
mark c on the tube. Now, siiuM* tin* span' above /) 
is a vacuum, tlie prossure (‘xm-ted by t)ie liydroj^-en 
in B against the ine.ntnry surfaist at r just su]!- 
ports the mercury <tolumii iCI>. 'I’lie, point. /> is 
mai’k(id on a strip of behind the tub<‘ tt. 

The bulb B is then i)hi(U'd iu a steam bath lihe 
that shown iu l^hg*. 122. 'rii<3 iu(trea.s*'d pressure 
of the gas in B at oium^ b(‘gius to fonte tlu* luer 
cury down at n and u[) at /h Hut by raisiug tin* 
ax*ni a the mercury iu h i.s fonssl back again tn e, 
the increawnl ]>n*Hsur(‘- of Mu^ gas on the surface 
of the in(u*eury at r b(*iug balanced by tin* in- 
cr(‘a.Hed heiglit of tlu^ luej’cury eolumu sup[iorle<h 
which is now A’F instead of ICIK Wluui tin* gas 
in B is thoroughly lu*at(‘d i.o the tmupt'riit ure (»f 
the sUsuu, th(^ arm n is very carefully udjusitsl 
so that the m(*rc,ury iu h stands V(M-y exa(*lly at. e, 
its original lev(d. A second mark is then [»Iiieed (»u 



l'’in. Ut f. Tlu' sljuel 
ant i*as thermujueh r 


the metal strip exa{!tly opposite tJie new levr'l f>f thr mereitrv, that, is, 
at F, 7) is tlum marked and F is markinl lnn'{‘. ThV vertical 


distance betwt'eu Ui(‘h(‘ marks is divided into loO «*\ae||y etpud purls. 
Divisions of <‘.xa(d.ly llu* sanu^ length are. earrietl above the lot)'* murk 


and below tlu‘- (T’ mark. One degnv* of tduinge in temperature is tben 
defined a.s any cliangi^ iu temperature which will cuuMe (he presNun* 
of the gas in H to (duing('. by tin*, armmrit n*preseiiled by (he rlistanct' 
between any two of these divisions, 'flus distuni’e is biund to be ^ of 
the height ED, ^ ^ 
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III oil HU* words, o/ie degree of change m temperature is such 
(I te^nperatarr change as will cause the pressure exerted hy a 
confined gas to change hy of its value at the temperature of 
melting ice (O'" (1). 

159 . Absolute temperature. Since, then, cooling the hydro- 
gen (Jirough 1° (h, .as (hiiincd aliovc, reduces the pressure —y 
of it-s valium at (h, it is (dear iliai cooling it 273° below 0° 0. 
would Vi'.diKHi its {)r(^ssure (.o nothing. Eut from the stand- 
point of (hi*, kiiud-ii*. l.lu'.ory'ihis would l)e the temperature at 
whiidi all inoi.ions of tlu*. hydrog(ui inolcimles would cease, 
'rhis huuiHU’atun*. is called the ahsohde zero and the teinpcr- 
al.uvi^ nurasure.d from this 7hu’o is called ahsolute temperature. 
''I'lms, if /I is uscmI to dcuioh*. the absolute scale, wc liave 
0" ( h 27:r’ A., 1 00° (1. 373° A., 15° C. := 288° A., etc. It 
is (uist.omary i.o indic.ati^ Uuupcu’atures on tlie centigrade scale 
by f, on tlu^ absolulAi sc.aU^ by T. W(i have then 

r=r.^+273. (1) 

160. Comparison of gas and mercury thermometers. Sincti an into- 
national cninmil.tiM* has fhosesj die. hydrcgini Uu‘,rim)in(‘.t(n' desoribed in 

loH as tln^ standard of t<'in}>(*ratiir(*. im'asiirnmnuli, it is important to 
know whether nmrftury thormonn'tors, ^o*adnatcd in tlio nuunier described 
in § IT)'!, agre(* with gas t-liennonuders at lJ<mlpt‘.ratur(^4 other tlian ()‘^ and 
leo", M’h(‘re, of eoiirse, they must agree', sniee tlu^se ienipcmitures are in 
eatdi (MLSt' the starting poinl.s of the. graduation. A e-arefid e.oinparison 
has shown Ihat although they do not agree exactly, yet fortunately the 
disagreements at <»nlinary teinperatun’s are small, n(d» amounting to more 
than .U ' anywhere betwet'ii U" and 100''. At JU)(r ()., however, the d HIV. r- 
enee amounts to about *1'*. (Mc'reiiry tlun’inometers are aed.ually uscid for 
measuring (.(unjMTaturi's ahov(‘- (.he Ijoiling point of mereury,U()()°0. Tliey 
ar<‘. tlien iUh'd with nitrogen, the jn’essure of which prevents boiling.) 

H('nee for all (trdinary purpost's nu'reury tlienuometers an.^ su/Hciently 
aeeurate, and no speedal standardization of tliem is necessary. But in all 
H(*ientiru*. work, if nu'nuiry thermomel-«‘.rs an^ iiH(^d at all, tiny must first 
b(', (‘ompared with a gas thermoimde.r and a table, of c.orn'eliionH ol)tained. 

errors of an ale.ohol th(',rmom(de.r are (‘.onsicUwably larg(*.v than those 
of a mercury tluu'monu'.tcr. 
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161. Low temperatures. 'I’lu* iiLsoliilc v.rvi) of ((Mupcrulu 
can, of cuuirsc\ \\v\rv \)r. a(.(aiiu‘tl, \ml in rcciail. ycai-s ra[i 
sU‘i(li‘-S lra,V(‘. haiai inad<^ toward it. loaly ynars ain) (lie l(j\ 
csli l.(‘.ui[u‘.rai.in'(‘. w’liii'li laid iwcr bncii ni('asm’('<l was I !()'*( 
Uun|H‘ratun‘. aitaiiusl liy h'araday in iSlr> hy ransino' 
mixture, of (‘.t>lun' and (’arl>«>n dinxiili* (i» cvapnrali^ i 

a vacuiun. l»u(> in ISSO air was (irs( Htpadird, and Fouia 
by nu‘aus of a. i»’as t lu'riuoiiudmv to have a Icinpi'rat iin' ( 
•— Wluai Tupiid air avaporatrs into a, spact' wide 

is kept. (‘xlunistiMl by uiaans td’ an air pump, its ((Muparalui 
fa-lls to abonf -22()'’(^ lb‘cantly liydru-nai lias Iumsi li(pu 
{io.d and funud to luui'. a. tanip(*rat ura at at niosplu'rit* prcssni 
of •-2b’)"(b All of tliasa t<'tup{‘ral arcs liava bam niaasuri' 


by nusius of bydron’isi t barinoiiiatis’s, \\\ 
aibwvina* licpiid bydrooiai to a\aporati* info 
a. sparo k(*pt. axlia,ustv(l by an air pninp, 
Dcwvar in litOO aXtaiiasI a toinjiaratiira 
of 2()0''. In IlMI Ka.niarlinn;Ii t )nnas 
lu[ua.(uul ludluiii and attainad a. tainpara- 

turn of 271.2'* only 1.7“ abova abs(» 

luU^ /.cro (siia i)2 ). 

162. Maximum and minimum IhinmnmrtmM. in 
ail wi'jiUus' buraiuis l.lm Inwrsi. 1 mn]u‘rat.uri‘ rfarln'd 
ilia, iiialit, and tlia liii'iia.si tauntc'rat uo* 
fajuduMl dll rill y t.li(‘ day, an* a iinanul iaall y raamdiMl 
by a spaaial di'vicn* aallad a iiiaxiinntu and mini 
niimi iliarnininalrr, 'I'lia (’(Jlist riiaiinn nf nna fnrm 
of ih'iH instruiiiant. ia slmwii in I'i?';. It’.i. ‘riir 
bulb /( and iln* slain down tn liic jioinl t ar** 
lillad with ahuilud^ from tn II (ha >a<'ni is lillrd 
wif.h nn*nniry, whila Mn* li.piid abuo* II l\ u-.ain 
ahadinl, d’la* bulb I) aunlain;: «nd\ alaida'l and 



^'n.. li!d. tna\‘a 

nintn ant! ntinininn 
\ hn lunna'ha 


it, a vajHir. 'I’ln*. iwn indiac;-; f/ and nm\»‘\\ilh ..ti-dU liiatiun in lln’ 


st.am. As l.lrn ianiparaliirc falls, t lia aiaulml in .1 «’Mnh.a'U and Iba m*-!'- 


a.nry })Ushi‘S up t.ba. iuilax nu Ilia )'i*',ld and hsios it njipn.lh' |}n* mark 
a.orraspniidiii”' in (.In* ln\v<-si tamparaiura n-aahatl. Ar* tin* i«-mparaluns 
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risrM, tin* ;ilr(»linl *m .1 r\p;unls uiul Uu^ lucre, ury )»us1u‘H U]i 1 \ h \ in(l(‘x 
mi the lett. aiui h-aves it, <>|Hiosil.e t,lu* nuirk (‘orresjKUidiii);' l.u Uu* 
Iii^liesl tiMM jieralure rciielied. In onhu’ (ihtaiu I, he, riii;jili iuiimmi. of 
friehuui, a. small sleid sprini;- is ailavlunl t,o t.he indiees, as in /v. AfUn* 
eaeii ()! >servat ion l-ln* ohserver juills t he inde>c hack to e.ontaidi wil-h tin; 
merenry hy means of a .small mai;nel. 


QUKSTIONS AND PROBLEMS 

1. Nhnana! room (.emiK'ratnre. is (hS ’ l\ WMial. is il. emd.i^'ra,de. V 

2. Tlie normal h'm|ieralnre. of l,ln^ human, body is DS.l" h\ What) is 
it (M'lit i.!i;ra<le V 

3. ^^*hal. t.emjMU'alnre. iMnitiL^radt* eorn'sponds to (T t\V 

4;. Merenry freezes at 10 ' l'\ \VlnLt is this e.e nti era.de. V 

5. 'Tin* temperal.nre of liquid air is — ISd" ( !. Wha-t is it Ealirenlieit V 

(). Th(’ hiwest temperature a,t(,aimi.hle hy evapin-atine liipiid lielinm 
is — 1^71.1“ ('. \Vha,l» is it h'alirenheit? 

7. What is l.he ahsohit.e ziM'oof l,emperal-uri‘ on tin' t'ahrenin'it se-ale V 

B. \Vhy is a fi*ver l.lierinometi'r imuh^ wil-h a very lone e.ylindrie.al 
hnlh, instead of a splierieal oin*? 

9, When tin*, hnlh of a l.hermoiiiel.er is jihussl in liot watim*, it at. 
iirst falls a. trilh* and then rises. Why? 

10. llo\v does (In* distani*!*. het.wis'ii tin* 0'^ mark and t.ln* 1(10" mark 
vary with (hi* si/(^ of (he here, the size oj' the, hidh remainiiie (.In* sa.nieV 

11. What i.s meant hy the a.hsohii.e z(‘ro of temperature ? 

12. \N'hy is t In* teiiij i<*i‘a.tnre of rnpiid a, ir lowered if it. is placed ninh'r 
the reei'iver of an air pump a, ml t.ln*. air exhausted? 

13. 'I'wo thermometers Inive hulhs of etpnd size, d’he hon* of om* 
has a. iliameler twice that id* tin* other. \\' hat are t.he. relat.ive h*iiJ 4 'ths 
(d* the. stems hel-ween O ' a.nd 1 00"? 

hi X 1 * A N S I ( ) N ( k ) K K I'd < 1 1 KN d\S 

163. The laws of Charles and Gay-Liissac. Wluoi., iih in the. 
{•x[n‘rinu‘nl. dnserihed in 1 nS, \vi‘. ktu'.p ilu', volnnu^ of ;i. <;>'as 
cnnstaid. and nlisto’vo (.In^ nd.o at. \vlii(‘h Ui(‘. ])r(‘.ssnri‘. in.Ti'.aso.s 
with risi^ in |.(‘unu*r:d.m’i^ wt*. nht.iiin f/iv (utrlJicirvt of 

/rliifli difuirtl r/.s the riido hciirwa I hr hicrv(W‘ ui 

prrHSitrr por {Infrrr (Uid (hr ralur <f (hr prr.^sHrr al- 0“ (L Tliis 
wu.s tir.sL d()ni‘. lOr diUVsHtnl ga.ses by a h'l’cnolnuan, (diarh's, 
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in 1787, wliofoaud thiiL the 'pre^mre eoeffitdt'HtH ([!' (wpanHian- of 
all ganes are the mme. Thiw is known as the law of (Viarle^, 
When we arrange the cxperiiuont so ihat tlu*. gas can t‘X[)an(l 
as the temperature rises, the pressure rcauaining consliuit, wo. 
obtain the volume (uwjjieient of expanMon^ which in tltfnicd an (he 
ratio between the increase in volume per degree and the total rot- 
wme of the g an at This was lirsl. done, for din't'n'nt. gas(‘s in 

1802 by anotlier Ti’cmeliman, (hiy-Lussac, who rninid (hat ad 
ganes have the name volume eoefieient of ev pa union., (his cothhciiail, 
being the same as the pressure (‘.o(4U(uenl, nanudy \ /27d. d'liis 
is known as the law of Gaiplninnae, 

.From the deiinitiou of absolutt^ tmnp(‘ra(.ure and (diarh's's 
law we learn that for all gas(‘.s at tu)nsta.nt volum(‘, prennure in 
proportioyial to abnolute temperature : that is, 




( 2 ) 


Also from Gay-LussacAs law W(‘. h‘arn l.hai. for all gas(‘s at, 
eonstant pressure, volwne. in proport iona I to abnfdute temperature ; 

that Ls, ^ , 

y ,y I 


If pniHsnni, t(juip('.ni(,in'(s an<l volunit^ all vai’y,* \vt> have 


(■1) 


Any 0110 of thoso .six (puuitiUo.s may lio foitml if Ihc oilier 
live are known. 

If the volume romaiim oonstaiil., (hat i.s, if /'^ r„, eiimition 

( 4 ) rcducoH to ( 2 ); that i.s, (,o CharleH’s law. If (lie preHsttro 

♦If this is not cloau to tlio studcnit, ha him rcnill thiit ifUio hixmmIh of two 
runnors arc tho samo, tlum tlwdir distmicoH aro I>roju»rUonal lt> ilndr Hnu's, 
that is, Di/Iifi thoir tim<‘s aro tlii^ naim' ami thr himmmIh dilTi'roiit, 

J)i/I )2 If now ono rrnis both twh^o as fast and twh*o as huiK, ho ovldmitly 

goes 4 times as far, that Is, If time and speed both vary, J>x/Ih 
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rcmiiins (•(.iisluul, l \ juul diniuliiou (4) ruduooa to (JJ); that 
is, III (iiiv-Lussiic. s law. If Um tompi'vaturc does not change, 
. 7'^ and ciiual.iim (1) reduces lo = that is, to 

Hiiyle s law. il the relatiuii of densities instead of volumes are 




QUESTIONS AND PROBLEMS 

1. \\ hat. fractional part of tli(‘ air in a room jiasHthS out wlion tho air in 
it is licatt'd from ' - lo'Ml. to iit)'’(hV (— If)"!!, r : 258^ A.; 21)^^ (h rr 208° A.) 

2. Why i.s it nnsufi' to lot a pmmmatii! inkstaml that of Fig. 82, 
p. 82, nmiain in t ho stmV What o.hangi‘H will otHUir in tho volume of 
tlu'. (‘onhmal gas if it is lu'atotl from In'M!. to •1(1° (h? 

3. 'Po what tomporal.un* must a ouhic foot of gas initially at 0°(h 
lu» niisoil in onlor lo (hmblo its voliim(\ tlu‘ ])rossun‘, nunaining (umstautV 

4. If IhtMiir witliiu ahicyolo (,iro is unilor a prihssun^ of 2 atmospli<‘rf‘H, 

that is, ir>2 cm. of mercury, wlicn the tmupc'ratun^ is what lu'essun*, 

will cxi.Mt within the tnho when the tcmjieratun^ (thang(‘s to f’hV C. V 

5. II the pn'ssun* i.o which In cc. of air is subjisiieil ehanges from 

Them, (o *10 (uu., the temperatun^ rmriaiuing ('.oustaiit, what does its 
vohum‘ hccomcV Hoyle’s law, )». 85.) If, tlnm, th(^ ti.MUjierature of 

tlu' same gas changes from ir)''(!. to 100*’ (1., th(i pnhssure remaining 
constant, what will he the final volume V 

6. If the volnim* of a gas at 20“ (1. and 70 cm. pn‘,HSun^ is fiOO ce., 
what is its volnnie at 50“(!. and 70 cm. pn'ssureV 


Kkhansion ok Liquids and Solids 

164. The expansion of liquids. 'I1in (tx[)fuis1on of liquids 
didVrs from t-hat of gases in thai. 

L Tht'. coidlieiiaits of {‘xpansion of Ii(pu(,ls an*, all c.on- 
sid(*ral)ly snuiller than (host*, of gast^s. 

l!, DiUVnaii. liijuids ('xpand at wholly dinVa’o.nt raU'.s; for 
(‘Xainphs tlu'. (uadliciont of alcohol l)(dAVtH.‘.n 0" and. is 

,0011 ; of (vtluu’ it is .0015; {>f jud-roltnini, .0009. 

3. 'I'Iu‘ sanin litpiid ofhai has <1ilT(‘,rc-nt (Kudlhanuts at dif(*nr- 
{•nt IciupcraturcH ; that is, the expansion is im‘.gulai\ ''Idum, 
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if ilie coefficient of alcohol is obtained between 0° and 60° C., 
instead of between 0° and 10° C., it is .0013 instead of .0011. 

The coefficient of mercury, however, is very 
nearly constant through a wide range of temper- 
ature, which indeed might liave been inferred 
from the fact that mercury thermometers agree 
so well with gas thermometers. 

165, Method of measuring the expansion coeffi- 
cients of liquids. One of the most convenient 
and common 'methods of measuring the coeffi- 
cients of liquids is to place them in bulbs of 
known volume, provided with capillary necks 
of known diameter, like that shown in Fig. 126, 
and then to watch the rise of the liquid in the 
neck for a given rise in temperature. A certain 
allowance must be made for the expansion of tlie 
bulb, but this can readily be done if the coefficient of expan- 
sion of the substance of which the bulb is made is known. 

166. Maximum density of water. When 
water is treated in the way described in 
the preceding paragraph, it reaches its 
lowest position in the stem at 4° C. As 
the temperature falls from that point 
down to 0° C., water exhibits the pecu- 
liar property of expanding with a decrease 
in temperature. 


Put. 120. Buin 
for investigat- 
ing exxmnsions 
of liquids 



This may be shown experimentally by sur- 
rounding for an hour or more a vessel of water 
with a freezing mixture of ice and salt as in 
Fig. 127. The lower thermometer will first fall 
to 4® C. and remain there, after which the upper thermometer will fall rap- 
idly, showing that water colder than 4° C. is now vising instead of falling. 


Pig. 127. Maximum 
density of water 


We learn, therefore, that water has its yuaxvmuvi de7isity at 
a temperature ^ 4° <7. 


KXlVWSloN n|>’ Mi)i ids AND SOi.lDS 


l(u. Tlu* cimliuK td* a lakt' in winter, 'rin* piviM'dinn' pa-ra- 
I'lapli !l r.l^.s jf» III n It a 1 1 ( 1 (In* rtxjlihi*' nl an\' lar^t* 

I.imIn (il uiitrr w 11 [i iht* ajipitiarh nf \\ iiilci*. 'I’lit* sii i-fai r hiycrs 
aiv iir.-a ftiulrtl aiitl ft.iHiari. Iffin'c, liriiiM' tlu'ii hraviia’ Ilian 
till' Itisst*!' laNfi.*', ilif\ smk ainl ait^ iv| daiMx] 1)\ lla* warmer 
water httiu heiieaili. This j.rticfss t*!' tMnTmi.;' at I he siirfaee, 
ami sink in* *, • m ns t in until tin* w he ie 1 n u 1 ol \\ a I (*r has rtsuTei 1 
a l euipeial ure ‘»l I I . Alter t ! I is ei n 1 1 1 it i( »n has heeii reaeiiixk 
further eiM.lim* «if thesurfaee layers inaki-s tliiuu than 

the water hriieath, ami they imw remain nii lep unlil thi*\’ 
Iree/e. 1 hus, iu'jtMf au v li’e wlialeN ereau Inriu nil I he surfaee 
nf a lake, the w h«»!e mass nf water Iti the very' hntttun must 
he etnilrd In I I*. riuN is why it retjiitreS a llUiell InULUM' ami 
mnre se^ lU’e Deriml n( en|t| |ii !ree'/a‘ tlee|) htulies nf waliU' (JuiU 
sliallttw tiller^ k'urthiu*, siuee the eireulal inii ileserihed aliovi^ 
eeases at I ( k. |«rae(ieallv all t>f the uul’rny.eii wader will hi', 
at I I tw en iu t hi' rnldesi Weather. ()uly lln* wali’r which is 
in the immediate lieii'.hhniiinnd nf (lu* iee will he lower (hiUl 
Tik I his lael is nt vita! itiijinrlaiiee ill (lu* presm’vatinn nf 
atjualie lile. 

ICiB, Linear euedUieuts of expansion of solids. It. is nfleii 
more rtuiVfulent III lueaMire I he ilierease ill li Uifllt nf niie 
rde.e 111 all evjiaudiue; .snlitl than In uieasun* its iuereasi* in 
77 <t' iitiiVt't H (hr n/ect r/.se in Ivnijih per t/iyrri' risr 

ill ft iiijit rnturt tunl fiir i*ttal /rn;ffh in raflt ti f/ir lintutr 
t'it ni tp' t j iHnisi^‘n H>ifift. dims, if represent tlu* leiiid ll 

nf a har at k ami /, its leim;lk at /,'k the etjuadinn whieh 
detiues the linear ent'dieieUt h is 


I dH ilhist rales the uielhud mwv in use at tlie Inleriia’' 
(iMua! IhiKsiu nf \Veiv»hts and Measures for nhlaiuiu‘( (lu'Sti 
entdlieielils. ‘The t \Vn miemsenpi^s wdiieli are lUnlllili'd ill lixed 


N 
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positions upon heavy piers are focused upon scratches near 
the ends of the bar whose coefficient is to be obtained. The 


temperature of the water is 
then changed from, say, 0°C. 
to 10° C., and the amount of 
elongation of the bar is de- 
termined from the observed 
amounts of motion of its 
ends as seen through the 
microscopes. 

The linear coefScients of a 
few common substances are 
given in the following table : 



Tig. 128. Apparatus for determination 
of linear coefficients of expansion 


Aluminium .000023 
Brass . . .000018 
Copper . . .000017 
Gold . . . .000014 


Glass. . . .000009 
Iron , . . .000012 
Lead . . . .000029 
Platinum . .000009 


Silver . . .000019 
Steel . . . .000011 
Tin . . . .000022 
Zinc . . . ,000029 


Applications op Expansion 

169. Compensated pendulum. Since along pendulum vibrates 
more slowly than a short one, the expansion of the rod which 
carries the pendulum bob causes an ordinary 
clock to run too slowly in summer, and its 
contraction causes it to run too fast in winter. 

For this reason very accurate clocks are pro- 
vided with compensated pendulums, which are 
so constructed that the distance of the hob 
beneath the point of support is independent 
of the temperature. This is accomplished by 
suspending the bob by means of two sets 
of rods of different material, in such a way 
that the expansion of one set raises the bob, 
while the expansion of the other set lowers -.oo mi 

•x Cl 1 1 1 .1 . com- 

it. buch a pendulum is shown m Fig. 129. pensated pendulum 
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i! 


'Pin' id' tlic inni n»(ls />, il, v, anil i lunds to lowia* 

llio holi, \\hil<* that of tlu* (‘o])jH‘r mils r U^iiils lo raisi‘ it. In 
ordfi’ to pi-oiluff romplido, roniponsallon it. is 
oniv norcssarv to inako iho total lonn'ths (d‘ iron 
and roppio’ rods invrrsidy {)roportioiud to tlu^ 
roidilciont s o| expansion of iron and coppi'r. 

170. Cuinpansuted balance wheel. In the. hal- 
anee wlitad (d’ an aeenratt* wateh ( Idt)) an- t’le.I.an. 'tlm 
othi^r application id’ the niuapnd expa-iision of 
metals is made. Increase in tempm’at.ure hidli 
mereases the radins id* (he wheel and winikeiis elasticity 
of the spriiiLf which controls it, Hoi.h of these idT<‘eis t.mid to 



hu., lai 


Kie. i:ra 


riHMjual I'siiuiision cT mchUs 


make the watch lose lime. 'This tendimcy may he (‘onnt.era.el.ial 
hy l»rins*:ine; the mass of the rotating pa.rls in t.oward Ihi* eiaiter 
td' the wheck This is aeeompHshei 1 l)y makin;^ t.lii*, a.res /n.* id' 
metals id' dllTei'ent expansion coel’ticii’ids, the 
inner nietak shown in hlaek in the. (io'iire, haviiti? 
the smaller ei jeflieield . The wei^ld ed ends id’ the. 
an*s are iluai snilieiently ptdled in hy a rise, in 
temperature to ronnteraid- the reta,rdini^ elTeets, 


' W" 


'The priucipt* in prciMHcly the huiuc us that, whicli 
tinds him(df‘ illiist nit iua in (he eoniiuiund lm.r .Mliewn hi 
Piip Pit. 'riuH Inu* eunMiMts id' t.\vn Hli'ips, nan id* brass 
and one nf in»n, rivelt'd lenedicr. When the bar is 
plaei'tl i.Ho in a Ptmsen Ihuue, sn l.lial. bnl.h niet.als 

are heati-d ei|indly, il. will be fninid b> btaid in .such a 
wav that the more expansible met ah iminely the brass, 
is on the otdnide ol' (he eurve, as shown in Pi.ip lh‘J. 
\Vln*n it is corded wilh snow or ice it, bends in t.he 
opposite direel ion. 

'the eonitaou thermo.sl at ( Ktg. Idd) is prei'isely such 
a bar s\hieh is arranged so as b> open tiie ilnifts 



Kiu. nna, Tho 

llicrmuHtaL 


J30 THERMOMETEY; EXPANSION COEFFICIENTS 

through closing an electrical circuit at a when it is too cold, and 
to close the drafts through making contact at h when it is too warm. 

171. The dial thermometer. The dial thermometer 
is a compound metallic ribbon wound in helical form. 

One end a of the helix [Fig. 134, (2)] is fixed, while 
the other end is attached 
to a lever arm &, the mo- 
tion of which rotates the 
pointer d over the dial 
[Fig. 134, (1)], which is 
gi'aduated by comparison 
with a mercury thermom- 
eter. The less exjiansible 
metal is on the outside. 

Hence fall in tem[)erature 
causes the helix to wind 
up closer, the index mov- Pie. 134. The dial tlienuoiiietor 

ing to the left. 

QUESTIONS AND PROBLEMS 

1. What is the temperature of the water at the bottom of a lake in very 
cold weather? Test the temperature of your tap water in winter. Explain. 

2 . Why is a thick tumbler more likely to break when hot 
water is poured into it than a thin one ? 

3. Why may a glass stopper sometimes be loosened by 
pouring hot water on the neck of a bottle ? 

4. If an iron steam pipe is 60 ft. long at 0° C., what is its 
length when steam passes through it at 100° C.? 

5 . Pendulums are often compensated by using cylinders of 
mercury as in Fig. 135, Explain. 

6. The steel cable from which Brooklyn Bridge hangs is 
more than a mile long. By how many feet does a mile of 
its length vary between a winter day when the temperature 
is — 20° C., and a summer day when it is 30° C.? 

7. The changes in tem^^crature to which long lines of 
steam pipes are subjected make it necessary to introduce 

expansion joints.” These joints consist of brass collars fitted 
tightly by means of packing over the separated ends of two 
adjacent lengths of pipe. If the pipe is of iron, and such a Pio. 135 
joint is inserted every 200 ft., and if the range of tcmp( 3 ra- 
ture which must be allowed for is from — 30° C. to 125° C., what is the 
minimum play which must be allowed for at each expansion joint? 
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WORK AND MECHANICAL ENERGY*^ 

Definition and Mkasimikmknt oi*’ W'ork 

172. Definition of work. Wlu‘iu‘V(‘r ;i lurrt^ niarrH a on 
whicli ili arts, i(. is said to do wt»rk U[)oii that, body; and tha 
amount of tlu^ work accoiuplislK'd is ii|‘asur('d by I bo [jrodiud. 
()[ tho fonH^ uotini^; and tlu'. dislanoo llinmo;li which it moves lla'. 
body, '’rims, if 1 j^ram of mass is lifli^d I ctuitimclrr in a, viu'ti** 
(•al din‘(‘tion, 1 ‘j|;nun of Tort*!* bus ac(i*d, ami tlic. dislanci* { broi 4 »;h 
wluc.li it has moved tlu^ body is 1 eenl imt‘{(‘r. \Vc^ say, thenv 
fore, that tla^ liftiuji^ forei’ has ac’eomplisluMl 1 t/nnn (rniiinvtvr 
of work. If llu‘ i^n’am of foret‘. had lifti'd tlaD)ody upon which 
it aeUsl (.hroujj;h 2 et‘ntimelt‘vs, thi'. wcu'k doin', would, havt' luam 
2 gram cent inu'l(*rs. If a foret'. of 2 grams had Het(‘<l and the. 
bo<ly had Ihmmi lifltal through eentinu‘(.m’s, llu' work doin' 
would havi^ lus'U 1) gram (a'litinu'ltu's, ('(.(*. Or, in gtsieial, if 
ir repiH'seiit. ilu'. work a<‘eoniplisht*d, F th(‘ value, of tlie H('ling 
fonas and h the distanei'. ihrougli which its point of application 
moviss, (.luai tla^ dc(inition of work is givt'u by the. ('<|ualion 

/r F X H, { t ) 

In till* seiimt.ifu*. sensi*. no work is ever doin' unh'ss tin* force 
suciausls in pnnlurlnji vmdon in (la* body on whi('h it m’ts. A 
pillar supporting a building does no woik ; a man tugging at 
a stone, but failing to move it, doi*s no work. In (be piipiilar 

ft Ih rrct»nmn’!uh’«l Uial this chujitni’ lit' prtss'ih'tl i»y nn In whirh 

tht' Htiah'at. (Itstsivia’s for IdfustOf iha law nf lht‘ Irvcr, llatl Is, iho prlhflph' of 
moiuantH (wss for (‘Ixpurirtu'ia l(», mithorH’ nmminU. atul rimt if ho 

ai'fompuniisl hy u Htiuly of Uit^ pHufiph' of wtirk hh »'Xt’mt>H tasl in at hneit ooo of 
tho otluM' simplo iiuu’hiiioH (hoo, fiir oxamph*, Kxporinx'ia lY, atUhtaa’ n«atuml), 

i;u 
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sense we sometimes say that we are doing work when we are 
simply holding a weight, or doing anytlung else which results 
in fatigue ; but in physics the word "work” is used to describe 
not the effort put forth but the effect accomplished, as repre- 
sented in equation (1). 

173. Units of work.' There are two common units of work 
in the metric system, the gram centimeter and tlie kilogram 
meter. As the names imply, the gram centimeter is the worlc 
done by a force of 1 gram when it moves the point on which it 
acts 1 centimeter. The kilogram meter is the work done by a 
kilogram of force when it moves the point on which it acts 
1 meter. The gram me^er is also sometimes used. 

Corresponding to the English unit of force, tlie pound, is the 
unit of work, the/oot pound. It is the work done by a " pound of 
force ” when it moves the point on which it acts 1 foot. Thus 
it takes a foot pound of work to lift a pound of mass 1 foot high. 

In the absolute system of units the dyne is the unit of forc.t*. atul the 
dyne centimeter, or erg^ is the corresidonding* unit of work. Tin', erg is 
the amount of work done by a force of 1 dyne when it moves the point 
on which it acts 1 centimeter. To raise 1 liter of water from the floor 
to a table 1 meter high would require 1000 x 080 x 100 = 08,000,000 ergs 
of work. It will be seen, therefoi’e, that the erg is an exceedingly small 
unit. For this reason it is customary to employ a unit which is equal 
to 10,000,000 ergs. It is called a joule, in honor of the great English 
physicist James Prescott ‘Joule (1818-1880). The work done in lifting 
a liter of water 1 meter is therefore 0.8 joules. 

QUESTIONS AND PROBLEMS 

1 . Analyze several tyjies of manual labor and see if the above defi ni- 
tion (IF = Fs) holds for each. Is not A' x .9the thing paid for in every cas (3 ? 

2. How many foot pounds of work does a 150-lb. man do in climbing 
to the top of Mt. Washington, which is 6300 ft. high? 

3 . A horse pulls a metric ton of coal to the top of a hill 30 m. high. 
Express the work accomplished, first in kg. m., then in joules. 

4. If the 20,000 inhabitants of a city use an average of 20 1. of water 
per day per capita, how many kilogram meters of work must the engines 
do per day, if the water has to be raised to a height of 75 m. ? 
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WolMC KXl^KNDKI) IM'ON AND A( ’<'( )M IMJSl I I'iD liV SyS'IMOIS 
<))'’ ri'IJ.lOVS 

174. The single hxed pulley. Ld. (.lie fdivp (*r Mu' earth’s atiruf- 

l/um upDti a mass F' lie overenme hy piiUing iipmi a sprim;' halaias* N, 
ill. Mn^ iiiaiUKM- shown in Kig. utilil /'” umves slowly 
iijiwartl. ir A” is lOO grains, i.he spring halanee will also 
he I’oiuul h) register a Iona* of 100 grams. 

Kxp(*rinu‘.nt. ( hert'-fori'. slmws that, in tin* ust* 
of the sing’In pnlh’V IIh' anting foia'i* F 

whicli is produning (In^ nnhioii is mpial to the 
vnsisl.ing forei’. A’' which is o|)posing the motion. 

Again, sin(a‘ (lu' hmgtli of (he string is always 
(Minstani., tlu‘ (lisl.aiicc .v through which tln‘ point. 

/I, at which F is a.ppliml, must, move, is always 
(^(pial to lhtMlistanc(^ (hrougli which (he weight. 

F^ is lil’tod. Il(‘uctg if we consider ili(‘ work put 
into (he syslmn at d, naJindy A' x .x and the woi’k amaani ilishcd 
by (.1 h‘ syst.mn at F\ nanudy A*' x .s', we lind obviously, siiict* 
A'h ^ F and s ” .s', (hat. 

A's.-A’V; (l!) 

tljut is, in th{^ case of (he single lixed pnlh'v, (he 
nuivk {h»ic hij (hi* (({'(liitf fanr F {(hr rjjnrl ) /.s 
(•(jiKtl (r (hr irark ihmr itifaiunt (hr rrHiHi'nhf fnrrr 
F^ {(hr rrHiiit(tiirr) : or ltn‘. work jn(( //do tin* ina- 
(tluno at d is <‘qual (o iln^ work ((rtuunifll^ihril hjf 
t.lu^ inac.him*. at A'k 


i'’m. nil). 'rh(’ 
siiie.h‘ tised 
pnlh-v 
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175. The single movable pulley. Ltd. now tin* 

foret'. of t-lie eurt.h’s attract ittn upon the luuss A*' 1 m* o\cr 
(uiim^ hy a nhigh* niovahh* pnll«*y, as slmwii in Lig. 107. 

th<^ wtdglit of /*’■' ( F' vepre.Himl.ing in this east* t in 
weight of both tln» pulh‘y aial (in* Hnspt*mletl mass) is 
now HUpporl.i*<l half hy tin* siraml d ami half hy tin* slraml the 
fore.t* /•’ svhh’h must. at‘t at ,1 In Inihl the W(*igln. in place, m* to niov«’ 
it slowly upward if tliere is no friction, .slnaild he* only onf* half <d 
A reading t»f tin* halamu* will .shosv that, tiu.s is imleed the e.ase. 


I'm, 107, M’la* 
s.ineh* nitivalih* 

pnlh'V 
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Experiment thus shows that in the ease of the single 
TTLOvahle pulley the ejfoTt Jf is just one halj' as yteat as the 
resistance 

But when agahi we consider the work which the force F 
must do to lift the weight F^^ a distance s', we see that A must 
move upward 2 inches in order to raise A"' 1 incli. For when 
F' moves up 1 inch both of the strands B and C must be 
shortened 1 inch. As before, therefore, since F^ = 2 i^, and 

A"xs=i^'xs'; 

that is, in the case of the single movable pulley, as in the 
case of the fixed pulley, the toork put into the machine hy ih& 
effort F is equal to the work accom- ( 2 ) 

plished hy the machine against the 
resistance F\ 

176. Combinations of pulleys. Let 

a weight F' be lifted by means of such a 
system of pulleys as is shown in Fig. 138, 
either (1) or (2). Here, since F' is siii> 
ported by 6 strands of the cord, it is clear 
that the force which must be applied at A 
in order to hold F' in place, or to make it 
move slowly upward if there is no friction, 
should be but ^ of F'. 

The experhnent will show this to 
be the case if the effects of friction, 
which are often very considerable, 
are elimmated by taking the mean 
of the forces which must be ap- 
plied at F to cause it to move first slowly upward and then 
slowly do\vnward. The law of any combination of mov- 
able pulleys may then be stated thus: If n represent the 
number of strands between which the weight is divided^ 

^ F^Ffn, 



( 3 ) 
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nry 

Hilt \yhvu ai^aiii \v(^ (‘onsuh'r llu‘ work \\'lii<'li tho forces F 
must, do ill <)rdi‘r to lifl; t.lu^ wcd^iil F^ i.hroui^'li a (Uslainn'. 
we. s(U'. (ha(., in ordta* lliji.(> iJu'. wtdL.diL F' may 1){^ moved up 
IhroUi^’h I iiudi, i'ludi of tin' stnmds nnisl. ])e slioii iuumI 1 inch, 
and luMU'c- t!u‘. point. A mns(. movi*. (.hrou^'h ti iuclu's; (hat is, 
IlciUHS i^L»’noriniL^ friction, in this casi\ a, Iso \v<'. have. 

F X .s* F^ X .s’^ ; 

(hat is, al(Ju)n<j;ii (ht^ (‘I’fort, F is only ^ of (la‘ resislanet^ F\ the 

' // 

irurh put intu the uiueltiue hp the tijort F iti etjutt! (o the ieork 
aeeewplii^heil hp the nu(eh!ne apahiHt the reHintitutr F\ 

177. Mechanical advantage. 'Tla^ ahovi'. eKpm’iuMmls show 
that it is sonad.imes possihhs by a[)[dying a small force h\ 
in ovm'comt' a umeli larL>’(‘r rc'sisl.iuL;’ forei'. F\ The nttio 
of the reHtatanee F^ in the ejfdrt F i:i eu/letl the meehnuleitl 
(tilvuiitape c/* the nutehiffe. 'rinis lh(‘ mechanical Hdvanln;.fe‘ 
of tlu‘. siiigK* tixed ] nlh'V is 1, that, of (h<* sinijfl(^ movahh* 
pulley is 2, that of tlu'. systmns of pulleys shown in iJhS 
is i), etc. 

If tlu‘ aclin;^^ f(U'et‘ is ap|died a,{. /'’'instead of at the mc- 
clumica.1 advantai^e. of the systems of pulleys of lUS is ; 
for it. rc‘({uires an appli('a,l.ioii of II pounds at. /-*' b» lift. 1 |>onnd 
at A’ But it. will lu*. ol)S(‘rvc(| t ha.I. tlu' resist int^ loret' at- F now 
niovt'ssix times as fast and six times as fai' as (la^ a.e{in!.»; forts* 

at. A’', Wt*. can thus (dthcr saeritict*. speed to p;ain force*, or 
sacrilict*. !ort*t*. to jL.^ain spe(*d ; but. in (‘Vi*ry easts \vhatt‘V(*r we 
guiiu in thi*. (an^ we lose in (la* olla*!*. Tliu.s in (la* hydraulic 
(devator shown in iMg. IB, p. IS, (ht^ cage movt*s oidy us fast 
as the piston ; but. in that shown in Mo. 11 it. movt*s four times 
as last. H(‘nct‘ llu^ lort’i*. upplii'd to thi* piston in the latter 

ca. S(‘ must, ht^ four (imt's as gn*at as in the forint*!* if the* smiu* 
load is (.0 ht* lifted. 'Flu's means that tlit* diaine.lt*r tjf llu* laltcu* 
e.ylindta* must he twict*. us ^O’cat. 
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QUESTIONS AND PROBLEMS 

1 . Since the mechanical advantage of a single fixed pulley is oi 
why is it ever used ? 

2. If the hydraulic elevator of Fig. 14, p. 1<S, is to carry a total 
of 20,000 lb., what force must be applied to the piston ? If the -v 
pressure is 70 lb. per square inch, what must be the area of the 
section of the piston? 

3. Draw a diagram of a set of pulleys by which a force of oO 11 
support a load of 200 lb. 

4. Draw a diagram of a set of pulleys by which a force of oO lb 
support 250 lb. What would be the mechanical advantage of 
arrangement ? 

WOPJC AND THE LeVEU 


178. The law of the lever. The leyer is a rigid rod fre 
turn about some point F called the fulcrum (Fig. 139). 

Let a meter stick be first balanced as in the figure, and th(;n 
mass, of, vsay, 300 g., be hung by a thread from a point 15 cm. 
the fulcrum, '’riien 
let a point lie found 
on the other side of 
the fulcrum at which 
a weight of 100 g. 
will just support the 
300 g. This point 
will be found to be 
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Fig. 139. The simple lever 


45 cm. from the fulcrum. It will be seen at once that tlie pr 
of 300 X 15 is equal to the product of 100 x 45. 

Next let the point be found at which 150 g. just ))alance the .• 
This will be found to be 30 cm. from the fulcrum. Again, tlio i>rc 
300 X 15 and 150 x 30 are equal. 


No matter where the weights ar(i phuicd, or what we 
are used on either side of the fuhirum, tlui product o! 
effort F by its distance I from tlie fuJerum (J^'ig. 140) w 
found to be equal to tlie product of tlie resistance F' 1: 
distance V from the fulcrum. Now tlie distances I and 
called the levei- arms of the forces F and F\ and the pre 


WORK AND TJIR LEV.Ef 


137 


of a for<!o by i(..s lovor anu i,s (‘.alliul (;be 'imme.nl of Unit force, 
'riui al)ov(‘, o.Kp(o-iinont.s on the lover may then be gciici'ali/.ed 
in Uio followiii!'’ law: The 

. , . A P It 

inovient oj the rJffyH m e(p(nl .. ^ 

to the 'inoineid of the reHini- „ ^ ^ 

anee. /\]g*ol)riii(*u]ly sl-iilod, 

itiK (1) J?' 

It, will be seen (bat, ('be 

niuiR'l}^ FI ~ F'l' 

'nieehanhutl admntape oC ilui 

lo.vor, nanuVly Ff h\ is (Ujual to ////; that is, to the lever aryn 
of the effort diviiled hij the lever arm. <f the re^htaiiee, 

179. General laws of the lever. It parallel torches ar(i applied 
at sevi^ral ])()iiits on a leAHn’, as in Kig’s. 141 and 142, it will lx; 
found, in the parl.ic.ular eas(;s illustrat(;d, tlial; tor (xpiilibriuni 
200 x; :U)r.l00 X 20 -(- 100 x 40 
and 200 x 20 -h 00 x 10 -VlOO x lb -f- 200 x 22.5 ; 
that is, the H\em (f all the 'momeid.i^ 'ivlde.h are temlin/i to turn the 
hea.m. in fuie dlree.tlon in eijua.l to the .van of all the, nwmetitv tend.- 
hiff to turn it in. the (rp/unii.te di.reethna 

If, fiirtli(‘r, wt; support (In; h;v(;rs of 141. and 
11-2 by s[uln<4’ balaiuns attadied at /^ wo shall lind, 


^ ri/ 

» 1 


Kin, Ml Ktn. M2 

(Idmlil.liin Ilf iM|iiililii'iiiin of a liar ai'.U'.d upini by severiil J'oiv.iw 

afto.r allowin^^ for tin; wd^lit of tlio niotcn* stic.b, tha,t the two 
for(H;s indi(;at(‘.d by tlu; baJaneos arc; i’(;s]>i;c4ivi;ly 200 + 100 "P 
100 400 and 2()0 +100 + 200 --- 50 ==‘550 ; that is, the mm 

(f all the foreen ((ethnj in one dlreetion o}i the lever is equal to 
the Huni of all the fore.e.H aetinu in the ojyporite direation* 
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'riu‘sc. two laavs laay lu* coiubiiHMl as I’olhavs: If W(‘ think 
of t.lio 10r(ai oxin'ttal by tlio spring* halanco as tho (spiililjrani. 
of all ilu*. otlio.r fona's ac^tini^’ on t!u‘ h'Vor, (lion w t‘ liiid that f/tr 
rr^ifltfoit nj' an// /r^nT.s* /s f/tt ir tthft hrdh* suni^ 

and itn ‘pidnt of tipplioatioo /.s* thr pomt (tlnuit u'ho'h thr ttlpt'itnnr 
mon of the momenti^ /s :u'ro. 

180. The couple. Then* is oni‘ cas**, hn\vr\ri\ in which 
[larallol fonu'S can ha.V(^ no sint;it* force as ihfir n'stihanl, 
luunc.ly, (.ho (aisi*. n'pri'Siaitcd in h'ii;*. I h‘k Such a piiir of 
efp((d (iiul oppt^yite foree^ art tup ttt iHjfrrtot p^onts on ^ ' 
/(*rrr As* (UtUetl n nmpie ainl <’an ht* 

muitralizod only by ainitluM* couple 

tondiiic* 1,0 [>rodu(‘(‘ rolalion in I he 

opposite diri‘clrion. Tlu' moment- ol D *. lUt 

such a couple is ('vitleni ly h\ :< oit | />', .;.»/* ^.^A: (hat is 

it is one of the. forct'S timi‘s tin* total distaiicr bi'lwrm them, 

181. Work expended upon and accomplished by the lever. 

We have just scisi that when the lever is in et|uiHhrium 
that is., when it. is of rest or is moeliuj niii/orndp the rclatiiin 
IkUavihoi I.Ih' (‘ITort. P and the resis(ane<‘ P* is es.pn‘.ssrd in 
the (‘([uation of moments, j, 

namidy Pl ^^ Pd\ Let. us ^ 

now suppose, pri'cisely as in ^ 

th(M*ase of (.lii‘ pulleys, (hat- .ii 

the for(*e A’ raises the wein’hf. P 

throuo;h ti small distance sh.iuiir:* rhi- *.|ij.uii»i> 

.V. lo a.eeoini)lish this, the ^ 

jioiiit -•/ to wliieh .P is at- 
tached must move throUi!;h a distance h ( l‘*i*,y 111), hb^nm the 
similarity of the truiiu,di‘s APn and P/'m ii will hr Mn-u that 
l/f is i‘([ual t.o n/d, Ihmci* iMptatiou ( I u u hirh rr[U'csrnis the 
law of the levm*, iiud whieh may he. written P P' A may 
also 1)0 \vritt-(‘n in (he form 

Fj PP ~ d j or pa PP\ 


lit. Slifiuiir:* Hi.e ?h«' *.|ij.Uii»i» 

m| luiinir ia i ‘l P i , j . * nuo .Uiaif in 
/ '. P V 
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Now n‘[)roscuils iLo work done by tlio elTorb A; and 
the work doiu^ a^’aiiisL tho resistance A’^ Hence the law of 
ni()ni(‘Hts, wliidi has jnst been found by experiinciit to be the 
law of thei levi‘.r, is c{[uivalent to the statement that whenever 
work U (UwmnfillHhed />// the nne of the levei\ the work expended 
'Upon (he (ever hp the rjfvrt F is equ(d to the toork aeconipdislied 
hjl the (ever m/ainst the resistance A’'. 

182, The three classes of levers. It is cust.omary to divide 
levers iul.o ibree ehisses, as follows: 

1. Ill l(‘V(u*s ()[ the lirst (dass the fiilcnim P is between the 
aclhiLf* foi’c.i', F and th(i rcsistinn* force F' (Fig. 145). The 



=1 

V 



Ki(}. I IT). Ijovurs of 
lirst. c-lasK 



Kio. Ml). L(Wi',rs of Fkc M;7. LovorH of 
sci'.ond (diiss tliinl f.lass 


ni<'.('liaiii(^al ad vtuihigt* of hivers of this (dass is greater or less 
than unily ac.i^ording as tlu‘. li^vtu* iiriu I of the cvlfort is greater 
or less (.luiii t.lu*. Ic.vm* arm /' of the rtjsistaiuje, 

± In !ev(‘rs of llu^ st'.c.ond (dass the resistaiic.c F' is between 
tlu‘. effort F and tlH‘, fulcrum P (hdg. 14()). Ibwe the lev(U* 
arm of the (dTort, that is, iho distaiu'-e from F to ./^ is nee-eS" 
sarily gri‘.ater than the kwtn* tirin of tluj resistance, that is, the 
distaiute from A' to /\ Ilentui the mechanic, al advantage is 
always gn^aUu’ ilr<m 1. 

3. In knan’s of th(‘, third (dass the adlng forc.c^. is between the 
resisting fore.e and tlui fule.rum (Fig. 147). The mecbaniiial 
advantages is tiudi obviously li‘,ss than 1, that is, in this type 
of lc.vi*r foriu'. is always sacriliced for the sake of gaining speed. 


QUESTIONS AND PROBLEMS 

1. Two l)oy.s cjLn-yiii.i;' \i Ikii;' til* wulmtli ;il (in* midilio of ;t 
lan<;' sUf-k. \Vil! i(. miiko .'tiiy dirrtMVinN* \vli«*l|irr Ihfv walk <*los<« |.cj 
th<‘ l)ajL»‘ or fjirkluM' away, s<> loni;;' as oacli is al- lli«' .saiuo ilisianco? 

2 . VVluui a load is carried on a sti<’k t»vor (In* slauddor, why dot-s 
tlu* |)n*ssiiri‘ OH 1.1 h^ shoiddor hcciHiH* 
j^TcaUw as tlu^ load is niovod farl-hor 
out oil stick ? 

3 . Kx.jilaiu tin* use of t-hc rider in 

W(*iglihig (si^o Kii>'. 

4 . liiwhicdud' I, ii(‘ i.hn‘e classes of 
levers doi'S th(‘ wiieidharrow i>elon.i> V 
|[(roi‘.er’s s<‘4i1i‘hV jiliersV su.^'ar tone’s V 
a (daw liaiuuK'rV a l>iinip haiidleV 

5. Explain till* principle of weij^h- 

l>y th(‘ ste(‘lyanls ( Kiu;', MS }. U’hal. 

must Im tin*. W(‘iL»idi of tin* hoh /* if, at a dl;daue»* ni‘ lu ciu. from 
tin*. fid(unun O, it halanees a wei.i^ht td* In ke,. plaerd at a di Uauer nf 
‘2e.m. from O'f 

6. If yon knew your own weie.hl, Inov etnd<l \ou d«*t«*rmiui» tin* 
weight of a eompanioii if 3011 had only a t►‘e|'’l ini.nd and ii ioi>( ruleV 

7 . How would you arraune a erowhar lo u it a-, a lever of 
tlu^ lirst (dass in overturniiiif a iiea\\ ohjeri ? a i a hw«*r i.f tlu' ;*i‘coud 
class? 

8. If 3 horH(‘S are lo pull e<(uail\dn a h'ud, hou .dioutd Ihouhipph* 
livei* 1 h‘. (h'sij^’iUMl Y 

9 « d’wo hoys carry a load td’ t>0 Ih. on a poh* lirtwot-n flu iu. If llu' 
load is 4 ft. from one hoy ami tl ft. fri»m the tuher, how many pounds 
do(‘H ea(di hoy carry? (Consider (he 
forces ex(‘ried hy nm* of lh»‘ hoys 
as tin*. elTort., tlu^ load us tin* re.si.Hl« 
anc.(*, and the secoml hoy as the 
fnh'.rnm.) 

10 . Why is it that a eouph* (’an 
not h(5 halaiu’i'd hy a .sinj^le force? 

11 . Why do Ihiners' shears hav»* 
lonfjf Imndh’s and short. Idades and 
tailors* sh(*ars just the opposih*? 

12 * II tlu*. hall of the lloat. valve ( h’iip 1 IP) han a dmiurl^n* of It) {‘m-» 
and if tlu*. (lisi.ama^ from tlie center of the hall to the pivot X is ‘id 
tinu'H tln^ distance from S tii tin* pin /*, with what force is the valvu 
H ludd shut. wln‘u tlu' Indl is half immer*u-dV Nh-edr. c w» U',htof hull. 



Kto. hUt 'thi- aufouiath’ 
tlo.u v.dv*' 




/ ^ 


[nil 1 0 n'ni | 


“L\ 



Kn;, I IH. Steel, vardri 
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Till: 1’IMN(4T1,1C OK WORK 

13. Ill t-h<‘ Val(* h)(tk (Fig. 150) tin* cylinder d roi/.itiOs inside Uin 
fixed (‘ylinder /*’ uiul U'erks the bolt through tlie arm .//. 'Fhe rifjht k<‘y 
rais<‘H the pins (t\ //, iiidiil their i,o[)s an^ just (‘ven with th(‘. toji 

of ff. What nusdianieal priiie.iph's do you liud involved in this device? 




Fio. 150. Yah^ lock 
(1) 'rii(\ right, key ; (li) Uu! wrong key 

dhiK pR!N(dlM;K OF WoitK 

183 ► Statement of the principle of work. Tlui study of 
pnlh'ys I<*d us tu i.lu^ c.oiiclusion ihtit in till (tastes wlioro sueh 
inaehiiu'S an*. ust‘tl, tlu^ work doiu*. by l-lut ulTort is (‘,(|ual to tlio 
work dout‘. ;iga.iiisi. (bt^ n'sistancuh providtul always that fric.tioii 
may lu^ nc^^li'c.b'd, a-nd (.lait tlui motions a,ro unifonn so that 
noiu^ of Uitt fonu^ (‘.X(‘.ii(‘(l is ustul in ovmkunnino’ inortia. Tbo 
study of hw'tu's Itul to pnunstdy t-lu*. saiim result. .In (lhapter II 
tlu^ study of tb(^ liydraulic, jinkss sliowcid that tlu*. same law 
applied in (bis e.aso also, for it was shown (bat the foree on 
tlu^ small piston tinic.s the dislane.o throngdi wliicli it uiovcmI 
was (Mpial to th(‘, fortu*. on tla*, largti piston times the dista-neo 
through wliieb it inove.d. Similar (‘xptjriments upon all sorts 
of ma(*him‘s Irave shown that in all (jases wkicrc frietion may 
hi*, ni‘gl(H*bed thi', following is an ahsolnt.ely general law: In 
all invchanintl devura of whatever mrt the ‘Work expended upon 
(he maehine in equal to the work aeeo)aplidied hy ‘iU 

This important giaieralization, called the prine.ipli*, of 
work,'’ was first statiul by Newton in 1()S7. It has proved to 
be one of the most fruitrul prineipliks eve,r put forward in the 
liistory of pliysi(!H. Uy its a])plieation it is luisy to de,dui‘,e the 
relation butwocn tlio force applied and t]ic3 force overeomo in 
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any sort^ of iiuu'hincs |)rovi(lf<l only tlial. rricdo.i is 

and that; tho mothnis lakt‘, placid slowly. It is only nrocssaiy' 

to pnxhuH^ or in)ao’iiu‘, a (lisplaotoiuait. at. oiio oinl of ilu» 

nuKdiinn, and tluui to nii'asiin* or ('aUatlatt* I In* lairrospondinL^f 

ilispla<uan(‘iit at. t!)t^ otiior and. 'I'lia ratio of 

tho S(a‘.ond disphua'iiuailr to tin* lirst. is tlia 

ratio of tho. foiaa^ aoXiiii^' to tlu' foroo ovorooiuo, 

184, The wheel and axle. la‘( us apply tho 

W{)rk prino.ij)l(‘ t.o <lisoov(‘r tho law (if (h(‘ wh(*ol 

and axk'- ( Kijj^, Ihl ). W'laai (la* iari^o whool 

lias madi‘ ono ro-volul ion, I ho point d niovos 

down a dislaDi*(‘. iM jiia! to I la* oirouinl rroiict* of 

this wliocd. DuriiiLf this liuu^ tho wi‘U'’ht F* is 

liftod a. distaiua^ iM|nal to (In* oirouiufonaioo of 

tho, axlc^. Ilonoi‘ llu^ (x|na.{ion Fh F's hr 

(Minu'S Fx 2 tt/i^ A*' X 2 TT/*, wluu'i* F and r aia 

tho wluHd and a.xlo. n'sjjoot ivoly. 'riiis 

wrilUai in IIk^ rorni , 

A / A Jt ■ r ; 



Ion. l.U. TIm’ 
u ;uul ast* 

tho radii of 
tjuation nm\ ht* 


that, is, t/it* lOvufht l/Jh'tf on (In* is nn ntamf (iun-s tfo' furot- 
<ippllO\l to the loliool its (he rttitins of (hr irio t l is {inu n (hr ViuHus 
of the (irle, ( )thorwis(^sta(rd, /Ao 
ehmiiiutl mleanttiiie of the lehrol anil 
axle i.H equal to the ratliUH if the lehee! 
tlinidvil hjj the radius tf the axlt\ 

'Tlu^ eapHtnn ( IToJ) is a spo- 
tual (aisi‘ of iJio wiand and uxlo, tho 
lon^d-h of tho lovitr arm takiiyi^ tho 
phu'.o. of tho radius of tljr whook 
and tlui radius of tho. harnd oorn*- 
Hpoiiding to tho radius of (ho uxlo. 

185. The work principle applied to the inclined plane. 'Fho 
work dono. a.,i,uiinst ^O’avily in lifiini.f a wrh^ht A” ( lod) 
from tho. liottom (o tho. (op «tf a plum* i.s rNii(riiflv rt|iutl 
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to times the hi'i^ht h of the [)hiiui. But the Ma')rk done by 
the iietiug forcie b\ while tlie (uirriagis of weight is being 
l)ullcd from the bottom to tlie 
top of the ]:)lam‘, is eipial to F 
tinu'.s i-he U'.ngth I of -tlie plane, 
lienee (.he [)rinei[)le of work gives 

A’ 7/, or F^/F ~.~r.ljh ^ ( (1) 

Knj. ir)II. 'IMu', iiicHiu'd phuu! 

thai, is, ilii' mvchnhiral (ttlvdiihti/r of 

(lui uwlincd ‘plitni\ or ihr rado of the vu‘l(f]i( lifted to the foree. 
(tetui(f 'parallel to the piaae^ Ir (he ratio of the lent/th <f the plane 
to the heluht of da' 'plane, This is jiree.isely ihe, e.oiielnsion 
at whieh W(5 arrived in anotlun* way in Clui[>- 
t(‘.r V, !>. SO, 

186. The screw. The s(*.rew (Kig. .154) is a 
eombinatiou of tlu‘. iiudined jdauu ami (be 
leaver. I1.S law is (‘asily obt-aiued from the priu- 
(*.ij)le of work. Wlum ibe fore.e wliie.h nets on 
the (‘.nd ol* l.he linmr has mov(‘d this point 
through (um (umiple.te revolution, the weight 
F\ whie.h r(‘s(s on l,o[) of (he se.rew, has evi- 
(leid.ly been lifi.iMl (Jirough a verti(‘,al disl.anee 
(ujual U) lh(‘, disl-amui bei-weeii two adjoining thnnids. This 
distan(‘e 7 is e.alled (he piteh of the serew. Ileiua'!, if we 
r(^[)resent by I (.lu‘. length of tlu 5 lever, 
tlie work jirine.iple gives 

A’X*:^7r/r- A’V; (7) 

that is, the '/neehaaleal adv(tnta(ie (f 
the aereio^ or ratio tf the iveaihl lifted 
to the foree applied^ /V espial to the 
•ratio (f the eireHnifereaee (f the eirele 
•nanu'd oeer hi/ the end tf the leve:}\ to the dhtanee hetween the 
threads of the Herenv, In ae-tual praetiee the frie.tiou in such 




Fie, 151, The 
jiuikst’.ruw 
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an arrangement is always very great, so that the mechanical 
advantage is considerably less than its full theoretical value. 
The common jackscrew just described (and 
used chiefly for raising buildings), the letter 
press (Fig. 155), and the vise (Fig. 156) are 
all familiar forms of the screw. 


capable of very high mechanical advantage is the 
train of gear wheels shown in Fig. 157. Let the student show from the 
principle of work, namely Fs = F's\ that the mechanical advantage, 
F' 

that is, — , of such a device is 
F 



circum. of a X 


no. cogs in d ^ no. cogs in / 
no. cogs in c no. cogs in h 


circum. of e 


( 8 ) 


188. The worm wheel. Another device of liigli mechanical advantage 
is the worm wheel (Fig. 158). Show that if / is the length of the crank 
arm C, n the number 
of teeth in the cog- 
wheel Wi and r the 
radius of the axle, the 
mechanical advantage 
is given by 

2 7rZn I . 


This device is used 
most frequently when 
the primary object is 
to decrease speed rather than to multiply force. It will* be seen that the 
crank handle must make n turns while the cogwheel is making one. 

189, The differential pulley. In the differential pulley (Fig. 159) an 
endless chain passes first over the fixed pulley A, then down and around 
the movable pulley C, then up again over the fixed pulley B, which is 
rigidly attached to A, but differs slightly from it in diameter. On the 
circumference of all the pulleys are projections which fit between the 
links, and thus keep the chains from slipping. When the chain is 
pulled down at E, as in Fig. 159 (2), until the upper rigid system of 



Fig. 157. Train of gear Fig. 158. The worm 
wheels gear 
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]^ull(‘ys IiJiH oiu* rcvohiUoji, l,h(‘ (•.liaiii IxitAveoii tln‘ upper 


and l«»W(‘r pulleys has been shorlc 
<*iremiil’eri*n(x*s <>!' i\u' pull(‘ys .! 
and /i, for ilu* eliaiii has ixxMi 
]>ull(‘d up a disl.aiKH*. (xpuil l.o 
t.lu^ einuunl'ereiiec'. of {,1 h‘ hiri^t'r 
judlt'y and lt‘l, down a dlsl.anee: 
(‘(ptal to the eire.inurereuet' nl‘ the 
smaller ]mlley. the li)a<l 

F' has iwMUi lift.isl by half tlu^ 
dil'lereiKui lu'twcsMi th(‘. (^Ireuiufiu*- 
(Miees of A ami />. 'riu‘ nu'chau- 
ieal advaiii.agt* is thiu'erore (spial 

i.e tlm (‘ireuml’erenee of A divided 
by OIK* half tin* dilVereiKs* betW(H‘u 
tlu' eire.umfereiua'S of A and />. 


iu‘d by th('. dilTereius* b{itw<M‘n thii 



QUESTIONS AND PROBLEMS 

1. A don lb. barrel was rolhsl np a 'plank V2 fl.. hmj;’ inl.o a doorway 
d ft. hit'll. W'luit. for<‘(* was ajiplied paralhd to i,lu^ jilankV 

2. A loOO-lb. safe must Im*. raised H f(i. Tin'. Tons* whi(di (am Im 
applied is lioO lb. \\'ha(. is tin? short(‘st ine.Iine<l jdain*. whiedi e.an b(^ 
used for the [mrpose V 

3, In tin* dilTereii" 
tia) wheel and axh? 

( 1 MO) tin* ropi? is 
wound in opjiosib? di- 
r«‘etions on two axles 
of dllTevi'nt diann*t(‘r. 

Kor a (unujjh'.b* y(*V 0 “ 
lui.ion of tin* axh* l.ln* 
wei}.Cht is lift(‘d l>y a 
distaiu^e. (’(pial to om? 
half tin* diiT(*ren(M* bi*- 
tw(‘(‘n tin* einmmb*!*" 

(*ue(‘s of tin? tW(» axles. If tin* e.rank has a radius of 2 fl.., tin* larger a.xln 
a (liamet(*r (d 0 im, and tin? smalle.r oin^ a diann’te.r of in., lind the 
rn(’(?haui(?al ndvantag<? of tin? arrangenn?nt. 

4, If, ill tin? (iomponnd h?v(*r of Fig. KM, /K/' MJft., ,FfK- l ft., 
J)K *1 ft., ica - H im, //./d-. h ft., and J.l : ^ 2 ft., what fore.e applied 
at F will support a wt?Ight of 2000 lb, at F' V 

t 



Km. TOO. l)iffi’.ri?ntial 
windlass 



t'nj. 1(51 . 'The eom- 
]H)und le.V(?r 


14C» WOlMv ANI) MWniANK'AI. 

5. 'Pile liiiy wales slicnvu in Ki^. ni a .•..ni|.M„na ,vit.|i 

fulnriims at. I", 'f ''I- 

F'E f) ft, /•'"« I ft, /•’"/« (1 ft., - in- ami /■' -s' •Ji' in- li.nv many 
IKiumlsaUr will la- na|niiv,l In l.alan.m a wrm.hl ..f a l..n .m llm |.lai fm ni V 




K 


Ki»., 1 fl.I. W iutlLi I V. it h 


6. If tihc. capsliiti of a .ship is 1‘.! in. in tii.unrl. r iv.ul tin* h'\ri , un. 

() ft.. h»iis»\ what fons* must. Im‘ hs r.u h I un ti in ..nh-i tu niis.* 

an uiu'.hor wnin'hini; LIOIM) Ih.? 

7, In tlu^ windlass of I'ijp tin* m.inl. h.mdh' ii.i > a h n 'th <4 

‘J fl., and Mn* ham-l a diann-lnrof ^ in. 'I’lnTo at*' VM i in tin- .mull 
c.D^'wlns'l tind <50 in llm 
lar^j;'n mm. Wliati is tin* 
nmnlnudmal jidvantaip* 
of tin*, arrangnnmnt? 

8. A f(iiv(‘ of SO U,u\ 
on (I w1h‘oI whn.Sf* diam 
(•tor i.s 0 in. halam’o.s a 
W('i;;ht. of 1 .*>() ki;'. mi l,lm 
axl<*. l*'ind t.lm ilianmtri* 
of tin*, axh*. 

9, I'iij 4 'lit jarksiTows 

ntudi of whit'll has a 
pitc.li of < in. ami a Icvor 
ann of IS in. an* Imiim; 
workt'd Hininltanctjusly 
to rai so ;l I ) n i 1 d i 1 1 ^.^ w t ‘i h • 
iiifjj;* lot), 000 11). ^^'hat fort'o would hasr to ho r\oitod uf sL * i nd of ojioh 
lo.vcr if tln'i'o \v<‘i’o no fi'ioCmn? \\ h.il if Vd won* m UmtntuV 

10, If a worm whool { I'i^^. IdS) has do tooth, and t'n** mank U 
‘if) c.m. hni^', wiiih^ t.lm radius td tlio a\h‘ u d om , wiiat n iho nns*ham 
ioal advanla-p* of tin* arraimf-nmnl. V 
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11. If in ilu' cram* (if K'il;’. 111 ! 
and llu* I’rar \vln‘«'!s .1, /i\ f and 

wldh' Hu‘ a\li‘ ovrr which 
(he. chain runs has a radius of 
ID cm., whal. is Mn^ nicclianical 
advanlaj^’c of llu' craneV 

12. \\’ith llu‘. aid t>f l’'iL’'. HJo 
dcscril»c (lie process <if windini^' 
and sciiinj;' a \val(’h. 'I'ln' ruclicr 
A’ is pivohsl al. A'. (' carries (lie 
mainspriti.i;’ and /*.* (he hamls. 
.S'./', is a. lii;'lit. sprin.i;* which nor- 
mally keeps the wheel .1 in mesh 
with rressin.i;' (h>wn on I\ how- 
i*ver, ri'leases .1 from (■ and {*n- 
}.*aL;'es /»’ wil h Ik \V hat nu'chanicail 
principles <h> you jlnd iiivolvasl V 
W'hal. happtms wlum M is tuvrnsl 
backward V 


the (‘rank arm ha,s a leii,L;’th of 1/2 in., 
I) have resp<‘.(‘.tively 12, JS, 12, and (50 



k’lo. 105, Winding and scO.l.in^x mnc.li- 
anism of a stem-winding^ waUdi 


IN)WKlt AN!) ENKK(iV 

190. Definition of power. Wlnoi a o'ivnu load lias Inu^n 
raistul a j^iven distnnet^ a privnu ainoiinl, of work lias Ihhoi 
( loius wlndhi'r l.lu‘ tinio. consnnuul in doin^Lf il* is small or jj^riuit, 

is lhi‘rtd'or(‘ not. a fantor wliinli imUvrs into llu‘, <l(‘Uir- 
minalion (d’ work ; hnt it is ofUm as important, to know tlu‘- 
r(((e at whicli work is doiu', as to know tlus dViowU ol’ work 
at'complishml. 7V/f' rate, of dniiiit work h raUvd pov'eiK or aotiviti/, 
Elms, if /* n*|)r(‘S(‘.nt pow(‘r, /J" tlM‘, work dom‘, and t iJu^ tlnw, 
riuniinMl to do it, 

(10, ) 

191. Horse power, rianms Watt ( 17rUi ISID), tlu‘, inv( 2 itor 
(d’ the. st<‘am (Di|j^iiub ('onsidunul that an avnrat,^D horse, eould do 
JUhdtIO foot, pounds of work p(*r minut.i^ or 7)50 foot j)ounds p(‘r 
Hiu’ond. Eii(‘ nmtu’ie. (•{|uival(*nt is 70.05 kiloyfrain imd.cu’s 
perH(‘.eond. Elds mnuhts’ is probably ('onsidcM’ahly too higb, buti 
it lias bomi takem c^vm* since, in KiiLflislnspcaking c.ountrii^s, 
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as the unit of power, and named the horse ‘power (ILP.). 
The power of steam engines has usually been rated in horse 
power. The horse power of an ordinary railroad locomotive is 
from 500 to 1000. Stationary engines and steamboat engines 
of the largest size often run from 5000 to 20,000 II.P. The 
power of an average horse is about 3/4 II.P., and that of au 


ordinary man about 1/7 II.P. 

192. The kilowatt. In the metric system tlie erg has Ijeeu 
taken as the absolute unit of work. The corresponding unit of 
power is an erg per second. This is, however, so small tliat it 
is customary to take as the practical unit 10,000,000 ergs per 
second; that is, one joule per second (see § 173, p. 132). This 
unit is called the loatt, in honor of James Watt. The power 
of dynamos and electric motors is almost always expressed in 
kilowatts, a kilowatt representing 1000 watts, and in modern 
practice even steam engines are being increasingly rated in 
kilowatts rather than in horse power. A horse power is equiva- 
lent to 746 watts ; it may therefore in general be considered 
to be 3/4 of a kilowatt. 

193. Definition of energy. The erierrjy of a 
body is defined as its capacity for doing tvorh 
In general, inanimate bodies possess energy 
only because of work which has been done 
upon them at some previous time. Thus, 
suppose a kilogram weight is lifted from the 
first position in Fig. 166 through a heiglit of 
1 m., and placed upon the liook H at the end 
of a cord which passes over a frictionless 
pulley p and is attached at the other end to 
a second kilogram weight B. The operation 
of lifting A from position 1 to position B has 
required an expenditure upon it of 1 kg. m. (100,000 g. cm,, 
or 98,000,000 ergs) of work. But in position A is itself 
possessed of a certain capacity for doing work which it did 



s 


ITid. 100. Illusl, ra- 
tion of i)ot.ontial 
onorgy 



V 




rlA:\n';s ri{i';s«'()’i’'i’ Jinn.K 
0-SKS-lSS‘i) 

Mnjjtlish pliysii-isl, luini ;i.f- Mjui- 
rUi'stt'v; Miusl urnviiiui'Ut ill 

dll' i*st;ililisliuu'ii (• of din iltu'lriiio 
of dll' I't lUMcrvadnii oT niinrjjfy; 
stniliril clii'inistry as a boy iiiuKm' 
floliii dalloiKaiiil bi'caiiK' so iiilor- 
I'f'lnil diat his ladior, a prospovoiis 
i\Iaiii'lii'st(*r bi'i'wnr, lltlnd onl. a 
lalioratory for liini at- lionio; coii- 
iliii'ti'il inosloriiis ri'si'arrlii'N oillu'r 
ill a lia.'-i'iiu'ii I of liisown hoiiso or 
in a yard adjoining' Ids brniinry; 
disi'oi iTcd dll' law of hnatiu;:; a 
roiidiii'toi* by ail ('li'i'lrln (‘nrn'iil- ; 
rari'ii'd oul, in c'niiiu'ftlon with 
hol'd Krliiiu I’piH'b-iiialvhitjf ri'-- 
snan'lii's upon tho (bi'niial prop- 
I'lM ii'snl'^'asi's; did imiiorlaiil. work 
In nni}.'ni'dHm; tivst. provnd t'xpnvl- 
iiu'iiliilly du' idi'idily oC various 


Jamks W v'i'r (IT.'iti-'I.sld) 

’I'lio St'oli'li MiMlrunii'nl maUnr aL 
till' rnlvorsily ol' (ilas^ow, who 
may proporly Im nonslilrri'd dm 
Invi'idor ol' dll' sli'Min I'n^'lim ; lor, 
nllboumdi u iTudr and limnii'b'id. 
typo ol' sd'Hin ('njj!lim was Known 
bi'Tori' Ids dnm, Im b'l'l. It in I'ssi'ii- 
llnlly lls pri'sniit rorni. 'I'lm nioiU 
oni indnslrlul nru may bn said to 
bi'^in wit ti Wat I. 
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not have before. For if it is now started downward by the 
application of the slightest conceivable force, it will, of its 
own accord, return to position 7, and will in so doing raise 
the kilogram weight B tlirough a height of 1 m. In other 
words, it will do upon B exactly the same amount of work 
which was originally done upon it. 

194. Potential and kinetic energy. A body may have a 
capacity for doing work not only because it has been given an 
elevated position, but also because it has in some way acquired 
velocity ; for example, a heavy flywheel will keep machinery 
running for some time after the power has been shut off; a. bul- 
let shot upward will lift itself a great distance against gravity 
because of the velocity which has been imparted to it. Simi- 
larly, any body which is in motion is able to rise against grav- 
ity, or to set other bodies in motion by colliding vdth them, 
or to overcome resistances of any conceivable sort. Hence, in 
order to distinguish between the energy which a body may 
have because of an advantageous fbntion^ and the energy which 
it may have because it is in motion^ the two terms " potential ” 
and kinetic ” energy are used. Potential energy includes the 
energy of lifted weights, of coiled or stretched springs, of bent 
bows, etc. ; in a word, potential energy is energy of position^ ivhile 
kinetic energy is energy of motion. 

195. Transformations of potential and kinetic energy. The 
swinging of a pendulum and the oscillation of a weight 
attached to a spring illustrate well the way in which energy 
which has once been put into a body may be transformed back 
and forth between the potential and 'kinetic varieties. When 
the pendulum bob is at rest at the bottom of its arc it pos- 
sesses no energy of either type, smce, on the one hand, it is 
as low as it can be, and, on the other, it has no velocity. When 
we pull it up the arc to the position A (Fig. 1G7), we do an 
amount of work upon it which is equal in gram centimeters 
to its weight in grams times the distance AD in centimeters ; 


that is, we store up in it this ainouiit or potential energy. As 
now the bob falls to C this potential energy is completely 
transformed into kinetic. That this kinetic energy at C is 
exactly equal to the potential energy 
at A is proved by the fact that if fric- 
tion is completely eliminated, the bob 
rises to a point B such that BE is 
equal to Al). We see, therefore, that 
at the ends of its swing the energy of 
the pendulum is all potential, while 
in the middle of the swing its energy 
is all kizretic. In intermediate posi- 
tions the energy is part potential 
and part kinetic, but the sum of the 
two is equal to the original potential 
energy. 

196. General statement of the law of frictionless machines. 
In our development of the law of machines, which led us to 
the conclusion that the work of the acting force is always 
equal to the work of the resisting force, we were careful to 
make two important assumptions: first, that friction was 
negligible ; and second, that the motions were all either uni- 
form or so slow that no appreciable velocities were imparted. 
In other words, we assumed that the Avork of the acting force 
was expended simply in lifting weights or compressing springs; 
that is, in storing up potential energy. If now we drop the 
second assumption, a very simple experiment will show that 
our conclusion must be somewhat modified. Suppose, for 
instance, that instead of lifting a 500-g. weight slowly by 
means of a balance, we jerk it up suddenly. We shall now 
find that the initial pull indicated by the balance, instead of 
being 500 g., will be considerably more — perhaps as much 
as several thousand grams if the pull is sufficiently sudden. 
This is obviously because the acting force is now overcoming 



Fig. 1(37. Transformation 
of potential and kinetic 
energy 
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not nu‘rc‘Iy tho 5)00 n-. wliich r(‘pros(‘u(s tlio rosistan(‘(‘, (►(' g'niv- 
i( y, hui. a lso I ho. iiuu’l ia ol tlu‘. body, siuo.o vidointy is bc.iiiii^ 
iinpariod lo il. Now work doin' in iinparl.iii^ velocity to a 
body, IhaT is, in ovo.n'oinino its inerlia, always app(sirs as 
khh'th* cin'r^y, wliih' work (b)iu‘. in ovca’ctoniinn* i^ravity app(‘ars 
as tlu' jHifi'iiiial i*ni‘r< 4 ;y of a. lilNul wei^'lit. IIoikh^, wlud.lier tlu', 
motions ])roduo(sl by nla.(•llint^s art^ slow or fast, if {“rio.tion is 
n(‘L;ii^'iblo, (lu^ kiw for all di‘vio(‘s for 1 ransforining work may 
bi‘. stated thus: Thv irark oj' fitr (rcihit/ J'urtr v.s' vtjintl (a the i^tmi 
of ihr poifiidid tna/ /•v/zr/d* r/07y//r,y up in (ho. v/nrsw aotod 

In ma(’l linos which work a.o’a.inst ^'ra.vity llu^ body usually 
starts from rest and is loft, at. rest-, so tbat tlu^ kiindae energy 
result ing* from t lu', whok* opera, t ioii is /au'o. 1 banu^ in siie.h eascis 
tlm work dom‘ is t-lie. wdgid. lifte.d tinuas the height through 
which it. is lifted, wlud.lu’r t.h(‘. motion is slow or fast, ^.Tlu'. 
kinetic tnimgy impartial to t.he body in start, ing is all givcm 
111 ) slopping, 

197, The measure of potential and kinetic energy. 'Idie 
mtaisiire of tlu‘ potential mnugy of any lift(*d body, siudi as a 
lifUsl pill* driver, is eijua,! to the work whi(*h ha,s binm spe.nt 
in lifting the Ijody, 'Thus if h is the height, in (umtinad.ers 
and .1/ the weight in grams, t.he.u l.he. pot.tmt.ia.l (uiergy IMi, 
of the lifted mass is 

P.K. : : i\Ih gnun eent.imet.m\s. (IT) 

SiiuM* IIm* fnri‘e. of t.li»‘ cart-li’s attnuU.ioa for M is A/// dyni’H, 

if we wi.'^li to i‘X)»re.ss the potential (miagy in (U’g.s instead of in gi'ani 
.u.nUl.K'IrrM, Wn 

Sinei* t.his energy i.s all tnuisforini'd into kinetle. energy wdiim tin* 
jiias.s falls the di.stain’.e //, the. produid. Mtfh also rejaesents the nimdu'r 
of ergs of Ivinetiit energy wlne.h the moving weight has wla‘ii it strilo's 
tie* pile. 

If we wi.sh t.oexpre.ss this klnetii^ energy in terjiisof tin* veloe.ity with 
wliie.h the weight- Hti'iki*s the pile, instead of the. height from whieh it 
has fallen, we* have* only to siihst-itute for h its value in terms of y and 
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tlie velocity acquired [see equation (J^), ji. 03]^ namely h — //• This 

gives the kinetic energy K.E. in the form 

K.E. = J Mvi- ergs. (13) 


Since it makes no difference how a body has acquired iLs velocity, 
this represents the general formula for tlie kinetit; energy in ciy/s of any 
moving” body, in terms of its mass and its velocity. 

Thus the kinetic energy of a 100-g. bullet moving witli a velocity of 
10,000 cm. per second is 

K.E. = I- X 100 X (10,000)2 = 5,000,000,000 ergs. 


Since 1 g. cm. is equivalent to 080 ergs, tlio energy of this bulh^t is 
= 5,102,000 g. cm., or 51.02 kg. m. 

We know, therefore, that the powd(U' [)ushing on tin*. Ijulh^t as it 
moved through the rifle barrel did 51.02 kg. m. of work upon ike, bullet 
in giving it the velocity of 100 m. per second. 

In general terms, if M is in grams and v in e(mtiuu*-terH per s<hn)ii(1, 

K.E. = g. cm. ; if ilf is in pounds and r iu feet i»er seeoiul, 


K.E. = 


2 X 080 
2 X 32.1G 


ft. lb. 


QUESTIONS ANU PROBLEMS 

1. A 150-lb. man runs up a flight of stairs 00 ft. high in 10 se<^ Wliat 
is his liorse power while doing itV Ifow do yon ae.eourit for th(‘, result? 

2. If a rifle bullet can just jiass tliroiigli a jOaiilc, how many jOaiiks 
will it pass tlirdugli if its speed is doubled ?' 

3. What must be the horse power of an (uigiiH*. whieh is to ]mmp 
10,000 1. of water p(ir second from a mine 150 m. (hu^i)? 

4. Wliat must be the power iu kilowatts of tlu^ (uigines supplying 
the eity water in Problem d, p. 132 V J^vXpress tluj ]K)we.r also iu horse 
power. (Assume a 24“lioiir day.) 

5. A water motor discliargos 100 b of wate.r jhu” minuU^ wluui fed from 
a reservoir in which tlie water surface stands 50 m. abov(i the. huud of 
tlie motor. If all of the potential energy of the wate.r W(U’(j transforined 
into work in the motor, what would be.tlu^. horsci ])t)Wt'r of the. motor? 
(The potential energy of the watiu- is tlui amount of work whieli would 
be required to earry it back to the top of the reservoir.) 
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WORK AND HEAT ENERGY ; 

Eiuotion ' 

198. Friction always results in wasted work. All of the j 

(‘xp(*riin(‘,nLs nuniiioni'-d in tlio hist eliapier Avoro so arranged | 

Uiat./m*/iha (tould Ix^ lu^gh’c.tixl or e1iniinai(‘d. Ho long as tliis 
c.ondition was fullilhxl it was found that the result of uni- 
V(irsal cxjuuhaHH', (!ouId 1 k‘ staled thus: Thn work done hy \ 

the aetiny /oree h equal to the mnt. of the kinetie and poteMial ; 

cneruieH i^iored. wp, ’ j 

Hut wlie.i’{UMn‘ fric-tion is pn^sent this law is found to bo in- | 

(‘xaet, for tlu^ work of tli(‘. ac^lhig (ovoo is tlie.n always somewhat I 

gn'.ater than the sum of the kimitui and j)otential lumrgios I 

stonxl up. If, for (‘xamph^, a ))lo(^k is pulh^l ovia* tli(^ horizon- f 

tal surfiKU'. of a tabh^ ai. th(‘, (aid of the motion no vehauty lias 
l)een imparted i.o the block, and hemx) no kinetie energy lias ; 

bemi stonxl up. Kurtlu'.r, the bloe,k has not lieeu lifted nor put ; 

into a (xnidition of elastie strain, and liemio no potential energy ’ i 

has lieeu eommunicnited to it. Wo eannot in any way obtain i 

from tile liloik more work afUn* the motion than we could have ! 

obtained Ixd’ore it was moved. It is clear, theridoni, that all I 

of the Work which was done in moving the bhxdc agahist the [ 

fricsi.ioii of the table was wanted work. Experiemxi shows that, ? 

in geum*al, wlun’e work is done against fric.tion it oun never i 

]x^ ngaimxl. Before considering what Ixieomes of tliis wasted \ 

work we shall consider sonu^ of the factors on whicli frickion I 

depemds, and some of the laws whuk are found by experiment I 

to hold in cases in which friction (Xicurs. j 

168 I 
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199. Coefficient of friction. It is found that if F representi 
the force parallel to a plane which is necessary to maintaii 
uniform motion in a body which is pressed against the j)hnu 


F 

with a force F\ then the ratio — depends only on the nature 


of the surfaces in contact, and not at all on the area or on tlu 


velocity of the motion. 


The ratio 


L. 

F' 


is called the cooffident q, 


friction for the given materials. Thus, if F is 300 g. and F 
800 g., the coefficient of friction is -||j = .375. The coeriicieui 
of iron on iron is about .2, of oak on oak about .4. 


200 . Rolling friction. The chief cause of sliding friction is tli() inter 
locking of minute projections (shown greatly niagnifted at a, hj c, and r, 
in Fig. 168). When a round solid 
rolls over a smooth surface the fric- 
tional resistance is generally much 

less than when it slides : for example, ^ ^ , i* 

^ ^ , F , / Fig. 168. Illustrating friction oi 

the coefficient of friction of cast-iron gm-faccs 

wheels rolling on iron rails may be 

as low as .002; that is, of the sliding friction of iron on iron. 
This means that a pull of 1 ^Dound will keep a 500-pound car in motion. 
Sliding friction is not, however, entirely dispensed with in ordinary 

W ( 2 ) 


Fig. 169. Friction in bearings 
(1) Common bearing; (2) ball bearing 

wheels, for although the rim of the wheel rolls on the track, the axle 
slides continuously at some point c [Fig. 169, (1)] upon the surface of 
the journal. 

The great advantage of the ball bearing [Fig. 169, (2)] is that tlio 
sliding friction in the hub is almost completely replaced by rolling 
friction. The manner in which ball beaidngs are used in a luoycle 
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pedal is illustrated in Fig. 170. The "'free wheel” ratcliet is shown in 
Fig. 171. The "pawls” (Z, 6, enable the pedals and chain wheel ]V to 
stop while the rear axle continues to revolve. 

201. Fluid friction. When a solid moves through a fluid, as when a 
bullet moves through the air or a ship through the water, the resistance 
encountered is not at all independent of veloc- 



Fig. 170. The bicycle pedal Fig. 171. Free wheel ratchet 

Jor slow speeds nearly as the square of the velocity, and for high speeds 
at a rate considerably greater. This explains why it is so expensive to 
run a fast train ; for the resistance of the air, which is a small part 
of the total resistance so long as the train is moving slowly, becomes 
the predominant factor at high speeds. The resistance offered to steam- 
boats running at high speeds is usually considered to increase as the 
cube of the velocity. Thus the Cedric, of the White Star Line, having 
a speed of 17 knofe, has a horse power of 14,000, and a total weight 
when loaded of about 38,000 tons, while the Kaiser Wilhebti II, of the 
North German Lloyd Line, having a speed of 24 knots, has engines 
of 40,000 horse i^ower, although the total weight when loaded is only 
26,000 tons. 

QUESTIONS AND PROBLEMS 

1. In what respects is friction an advantage, and in what a dis- 
advantage, in everyday life? Could we get along without it? 

. 2. Why is a stream swifter at the center than at the banks? 

3 . A smooth block is 10 x 8 x 3 in. Compare the distances which it will 
slide when given a certain initial velocity on smooth ice, if resting first on 
a 10 X 8 face ; second, on a 10 x 3 face ; and third, on an 8 x 3 face. 

4. Why is sand often placed on a track in starting a heavy train? 

5. What is the coefficient of friction of brass on brass if a force of 
25 lb. is required to maintain uniform motion in a brass block weighing 
200 it., when it slides horizontally on a brass bed ? 

6. Why does a team have to keep pulling after a load is started? 
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7. The coefficient of friction between a block and^ a table is .3. 
What force will be required to keep a 500-g. block in nniforin motion? 

8. In what way is friction an advantage in lifting buildings with a 
jackscrew? In what way is it a disadvantage? 


Efficiency 


202. Definition of efficiency. Since it is only in an ideal 
machine that there is no friction, in all actual machines tlie 
work clone by the actmg force always exceeds, by the amount 
of the work done against friction, the amount of potential 
and kinetic energy stored up. We have seen that the former 
is wasted w^ork in the sense that it can never be regained. 
Smce the energy stored up represents work which can he 
regained, it is termed 2 isefiil ivorh In most machines an effort 
is made to have the useful work as large a fraction of 
the total work expended as possible. The ratio of the useful 
ivork to the total work done ly the acting force is called the 
Efficiency of the machine. Thus 


Efficiency = 


Useful work accom plishe d 
Total work expendRcl 


( 1 ) 


Thus, if in the system of pulleys shown in Fig. 138 it is necessary to 
add a weight of 50 g. at F in order to pull up slowly an added weight of 
240 g. at Wi the work done by the 50 g, while F is moving over 1 cm. 
will be 50 X 1 g. cm. The useful work accomplished in the same time 

240 X ^ 


is 240 X J g, cm. Hence the efficiency is equal to 


50 X 1 


t = S0%. 


203. Efficiencies of some simple machines. In simple levers 
the friction is generally so small as to be negligible ; hence the 
efficiency of such machines is approximately 100%- When 
inclined planes are used as machines the friction is also small, 
so that the efficiency generally lies between 90 fo and 100%, 
The efficiency of the commercial block and tackle (I'ig. 138), 
with several movable pulleys, is usually considerably less, 
varying between 40% and 60%. In the jackscrew there is 


EFFICIENCY 


167 


necessarily a very large amount of friction, so that although 
the mechanical advantage is enormous, the efficiency is often 
as low as 25%. The differential pulley of Fig. 159 has also a 
very high mechanical advantage with a very small efficiency. 
Gear wheels such as those shown 
in Fig. 157, or chain gears such as 
those used in bicycles, are machines 
of comparatively high efficiency, often 
utilizing between 90% and 100% of 
the energy expended upon them. 



Eig. 172. Overshot water 
wheel 


204. Efficiency of overshot water wheels. 

The overshot water wheel (Fig. 172) utilizes 
chiefly the potential energy of the water at 
S\ for the wheel is turned by the weight 
of the water in the buckets. The work ex- 
pended on the wheel per second, in foot 
pounds or gram centimeters, is the product 
of the weight of the water which passes over 
it per second by the distance through which 

it falls. The efficiency is the work which the wheel can accomplish 
in a second, divided by this quantity. Such wheels are very common in 
mountainous regions, where it is easy to obtain considerable fall, but 
where the streams carry a small volume of water. The efficiency is high, 
being often between 80% and 90%. The loss is due not only to the friction 
in the bearings and gears (see C), but also 
to the fact that some of the water is spilled 
from the buckets, or passes over without 
entering them at all. This may still be re- 
garded as a frictional loss, since the energy 
disappears in internal friction when the 
water strikes the ^oiind. 

205 . Efficiency of undershot water wheels. 

The old-style undershot wheel (Fig. 173), 
so common in flat countries where there 
is little fall but abundance of water, utilize^ only the kinetic energy 
of the water running through the race from A. It seldom transforms 
into useful work more than 25% or 30% of the potential energy of the 
water above the dam. There are, however, certain modern forms of 



Eig. 173. The undershot 
wheel 
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undershot wheel which are extremely efficient. For example, the Peltov 
wheel (Fig. 174), developed since 1880, and now very commonly used for 


small-power purposes in cities supplied with water- 
works, sometimes has an efficiency as high as 83%. 
The water is delivered from a nozzle 0 against 
cup-shaped buckets arranged as in the figure. 

206. Efficiency of water turbines. The turbine 
wheel was invented in France in 1833, and is now 
used more than any other form of water wheel. 
It stands completely under water in a case at 
the bottom of a turbine pit, rotating in a hori- 
zontal plane. Fig. 175 shows the method of in- 



Fig. 174. ThePelton 
water motor 


stalling a turbine at Niagara. C is the outer case into which the 



Fig. 175. A turbine 
installed 


water enters from the penstock p. Fig. 176, 
(1), shows the outer case with contained 


( 1 ) 



Fig. 176. The turbine wheel 

(1) Outer case ; (2) inner case ; (3) rotating 
part; (4) section 


turbine ; Fig. 170, (2), is the inner case in which are the fixed guides (i, 
which direct the water at the most advantageous angle against the blades 
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of the wheel iuside ; Eig. 17G, (G), is the wheel itself ; and Fig. 176. (4), 
is a section of wheel and inner case, showing how the water enters 
through the guides and impinges upon the blades W. The .spent water 
simply falls down from the blades into the tailrace 7' (Fig. 175). The 
amount of water which passes through the turbine can be controlled 
by means of the rod P [Fig. 17G, (1)], which can be turned so as to 
increase or decrease the size of the ox^enings between the guides G 
[Fig. 17G, (2)]. The energy expended upon the turbine per second is 
the product of the mass of water which passes through it by the height 
of the turbine pit. Efficiencies as high as 00% ha\m been attained with 
such wheels. One of the most x^owerful turbines in existence is at 
Shawenegan Falls, Quebec, Canada. The xnt is 135 feet deep, the wheel 
10 feet in diameter, and the horse power develojied 10,500. 

QUESTIONS AND PROBLEMS 

1. If it is necessary to pull on a block and tackle with a force of 100 
lb. in order to lift a weight of 300 lb., and if the force must move 6 ft. 
to raise the weight 1 ft., what is the efficiency of the system? 

2. If the efficiency had been 65%, what force would have beeu neces' 
sary in the preceding xwoblem ? 

3. The largest overshot water wheel in existence is at Laxey, on the 
Isle of Man. It has a horse power of 150, a diameter of 72.5 ft., and an 
efficiency of 85%. How many cubic feet of water pass over it per second ? 

4. The Niagara turbine pits are 136 ft. deep and their average horse 
power is 5000. Their efficiency is 85%. How much water does each 
turbine discharge per minute? 

5. There is a Felton wheel at the Sutro tunnel in Nevada which is 
driven by water supplied from a reservoir 2100 ft. above the level of the 
motor. The diameter of the nozzle is about ^ in., and that of the wheel 
but 3 ft., yet 100 II.P. is developed. If the efficiency is 80%, how many 
cubic feet of w'ater are discharged per second? , 

Mechanical Equivalent of Heat"*^ 

207! What becomes of wasted work? In all of the devices 
for transforming work which we have considered we have 
found that on account of frictional resistances a certain per 
cent of the Avork expended upon the machine is wasted. The 

^ This subject should he preceded by a laboratory experiment upon the "law 
of mixtures,” and either preceded or accompanied by experiments upon specific 
heat and mechanical equivalent. See authors’ manual, Experiments 18, 19, and 20. 
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question which at once suggests itself is, " What becomes of 
this wasted work ? ” Tlie following familiar facts suggest an 
ans^ 7 e^. When two sticks are vigorously rubbed together they 
become hot ; augers and drills often become too hot to hold ; 
matches are ignited by friction ; if a strip of lead be struck a 
few sharp blows with a hammer, it is appreciably warmed. 
Now since we learned in Chapter IV that, according, to modern 
notions, increasing the temperature of a body means simply 
increasing the average velocity of its molecules, and therefore 
their average kinetic energy, the above facts point strongly to 
the conclusion that in each case the mechanical energy ex- 
pended has been simply transformed into the energy of molec- 
ular motion. This view was first brought into proiniiience in 
1798 by Benjamin Thompson, Count Rumford, an American 
by bh’th, who was led to it by observing that in the boiiiig of 
caimon heat was continuously develoj^ed. It was first care- 
fully tested by the English physicist, James Prescott Joule 
(1818”1889), in a series of epoch-making experiments extend- 
ing from 1842 to 1870. In order to understand these experi- 
ments we must first learn how heat quantities are measured. 

208. Unit .of heat — the calorie. A unit of heat is defined 
as the amount of heat which is required to raise the temperature 
of 1 gram of water through centigrade. This unit is called 
the calorie. Thus, for example, when a Imndred grams of water 
has its temperature raised four degrees, we say that four him 
dred calories of heat have entered the water. Similarly, when 
a hundred grams of water has its temperature lowered ten 
degrees, we say that a thousand calories have passed out of 
the water. If, then, we wish to measure, for instance, the 
amount of heat developed in a lead bullet when it strikes 
against a target, we have only to let the spent bullet fall into 
a known weight of water and to measure the number of 
degrees through which the temperature of the water rises. 
The product of the number of grams of water by its rise in 


(’OINT KlMltHUi (IJlN.I \M(N 1 7r>J{- '”1 HI *1) 

'* Xu j’luinrhl M-irtHi . 1 , ruli-'liUMu-d iihilunllinipisl , uinl HiiiJfsuMouM 
ptihlir atimini ii r;ihir,“ was born at Widiiini, Massaclniscl (a ; was 
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temperature is then, by definition, the number of calories of 
heat which have passed into the water. , 

- It will be noticed that in the above definition we make no 
assumption whatever as to what heat is. Previous to the nine- 
teenth century physicists generally held it to be an invisible, 
weightless fluid, the passage of which into or out of a body 
caused it to grow hot or cold. This view accounts well enough 
for the heating which a body experiences when it is held in 
contact with a flame or other hot body, but it has difficulty 
in explaining the heating produced by rubbing or pounding. 
Rumford’s view accounts easily for this, as we have seen, while 
it accounts no less easily for the heating of cold bodies by con- 
tact with hot ones ; for we have only to think of the hotter and 
therefore more energetic molecules of the hot body as com- 
municating their energy to the molecules of the colder body 
in much the same way in which a rapidly moving billiard ball 
transfers part of its kinetic energy to a more slowly moving 
ball against which it strikes. 

209. Joule’s experiment on the heat developed by friction. 
Joule argued that if the heat produced by friction, etc. is 
indeed merely mechanical energy which has been transferred 
to the molecules of the heated body, then the same number 
of calories must always be produced by the disappearance of 
a given amount of mechanical energy. And this must be 
true, no matter whether the work is expended in overcoming 
the friction of wood on wood, of iron on iron, in percussion, 
in compression, or in any other conceivable way. To see 
whether or not this were so, he caused mechanical energy to 
disappear in as many ways as possible and measured in every 
case the amount of heat developed. 

In his first experiment he caused paddle wheels to rotate in a vessel 
of water by means of falling weights W (Fig- 177). The amount of 
work done by gravity upon the weights in causing them to descend 
through any distance d was equal to their weight W times this distance. 
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olitaiiK'd ‘l‘jri Lini 111 meters as 1 he , . . , , 

I'm, hi. .iMiilf , lit ( f . j.t I UUfnl nil 

wcM-k )i..,.cssa.-,v 1... i.rn.lii.M. a .'al ,.| i.,,,., 

()ri(‘. id’ lieat. d’hi' dilli'reiiee he- 

tween these mmihers is les.s Ihau wa ■> lo h:ne lin-n i-si-. i i? .1 imfu (hr 
unavoiilaHle. iM’rors in the ohser\ at inn;,. Ih- ihi-n drw.l^l an aviaieM- 
ment in whieh the. heat was develuped hv the triiUnm ni iiun mu ij,,n, 
ami a^i’aiii (dd.aini'd llio. 

210 . Heat produced by collision. A l^Vnodumm Iw ihr nmne 

of Him was llu‘. (Irst. In iimkn a ruri'fu! tlrteninii.it inn nf the 
iv.hilioii thn ImiH. Hovi'lnpiMl In en///s/w// ami ihr IDindii* 

onurgy wliieh tlisappenrs. lie uUnwmi a steel e\Iinitt'r in fall 
tlirniigli a known htdglih and ernsli a lead iiall 1»\ ii-. iinpafl 

it. Tint iunounl. id’ heat developed in the lead w a i un*as. 
urod liy olisiu'ving tint rise in (eniperalure of a auall anmunt nf 
water into which tlu*. It'ad was iptieklv phnen-d, An the mean 
of a l.arg(‘, nn 11 dun* (d’ (rials he also fomid lhai l:!d*pam nieteis 
of energy <lisa}>]ie.a,ve.d for each ealorie of lu'at whirli ap]»eairil, 

211 . Heat produced by the compression of a p.as. Amdher 
way in wliieh Joule, measured ihe relation lielNseen heat and 
work was liy compressing a gas and oompaiife«; ihe amount 
of work, domt in tla*- eompression with the amomit ol heat 
dovtdoped. 

Every Ine.ye, list is awari'. of llie fuet tliut when he inflates his 
tiros the pnnip grows hoU I Ids is cine partl\ li» the Irirtiou of 
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llu' nisi«»n I he. walls, hul. (‘irK‘lly to tlio. Tact that iho 

(InwuwMrtl nujlion of iln* piston is 1 ransfarriMl to {,li(Mnol(‘{’.ul<^s 
wliifli ooiiu* ill (’oiitact. with i(., so (liat iJii* vo.loc.ity of tliusii 
luoliM'uli'S is iiici'oasrd, 'Tlu* priiicipli* is ])n'i'.isi‘ly (,]io saino 
ns lluit- iiiVi^lviMl in Iho volotMiy coninniniitatiMl i,o a ball l>y a 
hal. II llio l>a(- is licld riipdly lixnd and a ha, 11 iJirowu au;'ains(. 
it, tlu' ball n-ht Hinds with a- err lain vnloc.iiy ; hul. if 1,1 in bat 
is iniivinij;’ rapidly forward In nun*!. tlu‘ hall, thi^ 
hUlor rnhiHinds with a much ip'iHilcr vclocil.y. 

So tlu‘ molecules whieh in their mitura-l motions 
collide with an advancini*’ piston, I'cligimd vsilh 
n;i'ca(cr \ido(*ilv than {lu‘V w'ould if (hey ha,d 
impinp;ctl upon a lixi'd \va.ll. "This incrcasi^ in jj 

the melcciilar xcloi-ily of a i^as on compi’cssiou y 

Is so u;rcat. (hat. w Imn a mass of L>’as a(. 0" ccnli- 
!‘'radc is I'ouipressccl to oin^ half its volume the 
I i‘mpt‘ral lire risi’s to S7" ecntie;rade. •; 

'I*)n» rlVt’cl. may hf :;l riKiMr,l,V ilhiMtniliMl l*y die 
syriice* { Ki:;. IV'O* h>‘l. a hns ilrnp.'! nf hisal 

(ii{i<|c‘ Ilf jila(‘f«l nti a Nitiall lul. <»r <’ntl<ia, (Irnjijicd (,<1 Me 
luiKtini o|’ fj»f lul»f .l,;uid (len n'lumfil; Mica l»‘t Mic 

It Ilf iniifrlfit anti st-rv siitltlfiily df (u'fMi^ftl. Sidlicifiit. heat, will 
hf dt*\fh>(iftl In i;;nilt‘ tin* vn}iitr ami a Hash will rfsiill. {IT Mifi (hiHh 
diif.i md. n-sull I'mm the Drat alrtiUt*, wiMnlraw Mm jiisl.tm cemplf l.tdy,* 
ijmii rfiuafii, amt fcimjirfss ai\aia.) 

'i'o measure lhi‘ heat, of compression ♦Iouh‘ surroundtsl a. 
small eoiupressiou pump with water, look dOO strokes on (lie 
[Himp, and measured llie rise in temperature of the. \va.t.i‘r. As 
lhi‘ result.nl’ these measurmueuls lu‘ ohla,iiU‘d •1 1 1 e;ram metiM‘s 
as the'' nuM'hanieal e(piivah*iitd' of t he ealoriis 'Hk^ e\p(‘rinH,Hd., 
howevmy (‘ould m»t lu‘ pm’ftirim'd with *.p‘ea,t i‘\ae.t ness. 

212. Cooling by expansion, .bnile- also oidain(‘d tbi* nda^* 
tiou hetwmm lii'af. and work from exjierimenis on tia^ eoolin^( 
produced by (‘X[jansiou. This process is (‘xaid.ly (.lu^ e.onvt‘.rso 
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oC luVcitiiiy by (*(Jiupr(‘.ss*u)U. II it f(>ni[»r(*ssr«! j^as is allnwtsl (t^ 
expiuul itnd rt)r(-o oul. it piston, in' nunvlv lo rxpaiHl 
atmosjjlioria pri'ssuns it. is iiUvays banal t(. hr rnrlr.t hy thr 
process. This is htaniiisi^ (lu‘ kinriio (Siea-i'a rT thr HH>lrrnlr.s 
is trims It a* rial to lihc piston, si^ that tla‘ lorinrr rrl>»ain<l Irom 
the latter with less vahority (lum (hry had hrh.rr ihr hhav. 
ddic ri^frie^tiriLtors nstal on shipboard aio ‘omm! illust rat inns ui 
this priiuaple. Air is roiuj)ressial by an nepno tti prrhaps 
one fourth its nat.urjil volume. 'I'hr brat ‘uairraliMl b\ tla^ 
eoinprcssiou is llaai rmnoved by i‘a\isinn' thr air in tunmlate 
about pipes kept eool Iw the llnw ol rnld walrr thrnu:';b Ihnu, 
This eointu’essed iiir is Ihiai id lowed in «*xpaud inin ihr nd’riip 
erating ehauiher, th(‘, t-eniperat un^ of wliirh is thus inwrred 
many degrecis. 

Joule’s deti'.nuiuation of the lurrluuiieal r»|ui\alrnt nf iasit 
from the aiuouut of work done hy iiu expanding’ tyis and the 
amount of luuit lost in (‘Xpansion gave b*T gram nirlrrs. 
Tliis (‘xpeaameut also was one. for \vhi<di un g;rrat amnuiit td' 
exactness ('-ould. l)i^ (dainusl. 

213 . Significance of Joule^s experiment.s. Jnulr madr ihrrt^ 
otluu‘ d(d.(?rmimit.ions of (Ik* rrhili(»u hrtwrtai hrat and work 
by nuitliods involving eleelrieal mrasiirnurnts. Hr piddishrd 
as the mt'.aii of all his ihderminutions d«tl, ( gg’am inrltu's as 
tlui im^(*.hani(tal (‘(piivalent of the <*ah»rlr. Ibu ihr vahir 
of his expm'iimmts does not. lit‘ primarily in ihr ui’rurary of 
the final nxsults, hut ratln'r in the piRKjf whirh tlu-y inr ihr 
lirst tinu^ juj'iiishisl that (('lituciu'r tf (fuuii r/ ta 

wantedy no mattvr in ndott parh’ndor thh ironfr nhij/ urnir, 
there u alwa/fH an aiipraranre of (he name definite inrariah/e 
amount of heat. 

The Jiiost aiteairaU^ deitu-mination id (hr mrrluuiiral reptivu- 
lent of heat was nunh^ l)y Rowdand (Isbs l*Jol i in isso 
at Jolins Ilopkius Ihuversity, lie. ohtaim'd TJ7 gram nnUtU'S 
: (4.19x10'^ ergs). We shall gmii'rally laktHt as liijmujioo rrgs. 
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214. The conservation of energy. W(‘ are. now in a position 
to stair ihr law* o( all ma.rliiiirs in its most g(‘iu‘ra,l form ; t.ha.t 
is, in siirh a. way as to inrliuh^ r.vrii t.lu', ra.s(\s wlan’o iVir,tion 
is pn‘srnt-. It is: 77/r irarh f/r/zc /o/ {hr arlhui forcr z.s rtpial to 
(hr .s*///// t*J the knirfir ii)u{ pitfrnddf rz/r/y/zV,s' nforful i(p pha^ the 
nu'rlniinritl rtpu rttirnf of (hr hntt ifrerh^pt'd. 

In (it lirr words, H'hr)irprr rzz/’r//// /.s r.vpr)uird on. a ’nuielflnr rr 
(Irnrr oj ((njf himh <fn rmrllif rtp((tl anonnit of rnrnjji 
itpprarx rithrr ns nsrfn! ivork or tts hrnt. TIu*. nsidul work may 
h(‘ rr[)r(*s(‘ntr(l in tlir pi>l.rniial taua’gy of a. liftr.d naiss, as 
wli(‘n W{i,l{‘r is junupod u[) to a r<*si>r\'oir ; or in tlui kiiKd.ici 
(‘luo’g’y of a luoviiitif mass, as wlam a. stom*. is thrown from a 
sliiio ; or in ttir pnt(*nlial (‘nrrgii's of niohuuik'S wdiosi*, j)osi- 
l.ions with rrlrnana* to ono aaotJirr ha.V(^ hrc'n rliang(‘(l, as 
wlu‘n a spring has hrrn hrnt. ; or in tlui inoliuuilar poUait-ial 
rmo’gy ol* rhrmirally S(‘para,t.r,d atoms, as whim an idrr.t.rir. 
rni’rrnt. srparali's a. romj)oun<l snhstaiir.(\ The vutstrd work 
always appears in the form of iiiereased mole.iaihir motion; 
that, is, in the form of heat-, 'hhis important gime-rali'/ation 
lias reeeived the name iH’ the Prinri/dr of (he (hynHermdon. tf 
hJnerpj/, It- may he statiMl thus: hJnrrujf inaji hr (rtrnsfonned^ 
hid it (‘tin nrvrr hr errntrd or tlrH( rojietl. 

215. Perpetual motion. In idl ag(‘s thi‘,n^ have. Ixam men 
who have spent, their lives in t-rying to inviad. a macdiim*. out 
of whieh work eonid hi'. I'oiil.iiinally oh(.a,ined, wdtiiont t.he. i^x- 
peiidil.ure of an eipiivalent ainount. of woi’k upon it-. Sueh 
deviei’s are ea,lh*d perpeinahmot-ion ma, chines. Kve.n l.o (,his 
day the Mnilod States pa, ((‘lit olliei^ a.ninia,lly I’licihves siaires 
of applieal ions for patents on sueh ih'viees. The, possihility 
of till’ (‘xisti'iiei* of sueh a, device is ahsolutely denied hy t-he 
state.ment. of the. })rin(‘i})le of Hie conservation of eni'.rgy. hkir 
oidy in easi* tlu*n‘. is no heat dinuhopi'd, tluil. is, in ea-se Hie.re 
ar(‘ no frie.tional losses, can the. work ta-kim out. he. e.(pm.l to 
tli(' work ])U(. in, and in no easi', can it he gnud.e.r. Since, in 
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fact-, tJ HUT. aro 111 \viiyss()nu^ rricli«nial losses, liio priiirij.ie el' tli,. 
oonsiM’vatinn of ass(‘rls that- it i-*^ ini[HiS‘-ilile (o mal.r a, 

ina(;liiiio whie.li will k(H*i) ils('ir niniiiii!‘' loivxt r, r\en ileais^h it, 

does no useful work ; for no matter how iiiie h kiitr-iir nr |.nie!i- 
iitil ema’o'y is imparled t,(j the maehiiie to lu*;du with, there 
imisi always lu^ a, eoiitiimal 1 1 rain u[)oii this eiieiv;v io n\ eretMue 
frieiioiial ri\sisianet\s ; so that, as soon as the wa-atnl w urK has 
become (^tpial t.o (-h(‘. initial (‘iu'r‘‘’v, (he maehine must r.iup. 

The th'sk mati to make, a huaual and eomplete .siateuieiii of 
iho pi'in(nj)le of Uit*. eonstawai ion of enepfs wa% the (itanian 
physieiaii .IIoIku‘ 1 Mayer, whost' work was pnhli .InMi in IspJ, 
TwtJiiliy yttars lai.er, ptirtly thron^b tin* t Ijeoiei ieal wriiiny.s 
of Ilelmholiz and (daiisins in (Germany, atnl t»l‘ KeUin aiitl 
Rankiue in Ibigland, hnt- more espeeially thion^.h the i'\peri 
mental work of rionit*, (la* priiieijb- h;nl y.ainrd nni\eisal 
ret u)jj;'ni lion iind had takt'ii the place whieh it now hold, a.-, 
Lite eoriKtr stoint of all physical seieiiee. 

216. Transfonnationa of iniery.y in a imwa^r plant, 't ie' toot uui 
lions of c.nei'sy \vlii('li t.ake place in any p"U« r plant, pc h a . that at 
N iii/:^ara, ar(^ as follows: 'Tin* ^•llr^^',y Hr-t 4 - a tin- pa^ filial i {*,•! p, 
of lhi‘, water al tin* top of Uic falls. 'Flii ; \> I lan ffi in tin- (ptininr 
pits into the kinetic ciicrt.i,'V of (In* rf4atin'‘ uic*!.. 4'h.- *■ Ooniur, 
(Irivi^ ilynainos ju which there is a transltniual i*»n inn* t'ui* ru* a mI 
ol(*e(.rio cnrn'iits. 'Tln'sc^ cnri’enl.s Irao-l tm wiir, a - far a - la'-n r, 
150 miles aways wlierp* they imii .strert car. ami «4ln f iMtni . •-! m^.nn 
O’Jm prineipk*. of csfiiservaiion of mcre.y a < t-rl . lii.e (.he wioelj 

gravity hid upon the water in causine; it t.» it- ernd fi.-ti* th.- t .p t,. tl*..' 
Ifottom of the tnrhine pits is csai’lls eipral tn the v. .al »!..!?«• h-. ah ih»- 
inotors, phis the heat (levelopcil in all (In* niie. and h' .oui ^ , and nt 
tin*, eddy (nirreiits in the water. 

Let ns next (consider when- the w:iler at th»' f.ip ..f fh.- ta!L mI.I . iim cf 
its potential (‘ner'*y, \\'atcr is heine, ci.ntinually ewq-aat* e; .n ih. .ni 
faiut of tin*, oeean hy tin* son’s Insit. 'Phis heal ini)M.U . ajlh.-e iil lim lie 
im<n‘yy to the. moletmlcs (,(. ciiahh’ (hem (.• hivat .uva; Joeu th«' afhac 
lions of their fellows and to ri;:eaht»\e (he . jh f.ic*- jnfl.e i.ciiiMf apeo 
I lie. ] 1 ( ted vapor is I'arricd 1 ly w j iids » n to* I tie e* « m f on n i • .tod ps i pi f af ed 
in the loriii ol rain or snosv. d ims the pnti jui.d t nv i ., » the wat 4 i 


SVK/VIKKI IIKAT 


167 


ahovi' ()t<‘ (alls a<. iN ia; 4 ara hi sini[>ly (■raiisfoniH'd heat cuovgy of t-lio 
sun. 1 1, in this way, wr analy/n any available ‘ souna*, of oiuu'^y at 
man’s (lispDsal, wt* liml in jirautically (Wtuy ease*, that it is dirootly iviivv.- 
al>h‘ tt) (lu‘ sun’s Imat as its siuinas 'I'lius tJu’ luu'r^y (•.ontaiiusl in (U)al 
is simply llm omuv«y of se*|»aration (d’ tlm dxy,nvn ami <rarlK»n wliic.h worn 
srparatfil in tin* pnuM'sscs (»f ^rowlh. d’his si'paration was (‘rhudAul by 
till* sun’s rays. 

Wn nan form sonn* otuincplion of the cimnnons amouid, of (ui(‘r‘''y 
which the siin radialcs in the funn of heal, hy i-jdlis'.tini^’ that of tliis heat 
(he eart h n-ecive‘S m.t more than .j,„ (> (. .. iunount 

reci'iveil liy the esirth no|. more tl'*m y,/,,,, part, is st.ored up in animal 
ami \ i'?4e(ahle life aiul lifted water. 'This is pnartic-ally all of tlui eu(u*^y 
whielj is avaihilde on the earth for nuiu’s use. 

QUESTIONS AND PROBLEMS 

1. .Analy/.e the transformations of <'m‘rg‘y whie.h oeauirwlien a Imlle.t. 
is tireel vi‘rli(‘ally upwar<l. 

2. Sijow that the emu’.ny of a watm* fall is merely trausforme.d solar 
em-ri^y. 

3. Ili»w” many ealorii-s of heat, are e'eneral-ed Ity t.lu‘. im])a(d. of a 
iJiHJ Kih» howhler wln’U It falls lertieaily thivuit'h 100 m.? 

4. 'riioUNands of nndnoriles are faHins^' inl.o t-he sun wit.h enormous 
\ eloeit ies <*ve!‘v minutes t'rom a eonsiderat-iou (»f the pree.eeti iif;’ (‘xamph* 
aceotml f<»r a portion, at least., of the sun’s lusit., 

5. ‘riu* N’ia_i*ara l‘’alls are Kit) ft,. liijL*h. How much warmer is tint 
water at tin* holtum of tin* falls than at. I.lu^ topV 

U. ^^‘hy dot*s air 4'.seapinp; from a hii-yele t,ire. feel e.oldV 


Spkkiku) 

217* Defuiition of specific heat. When w(‘. ox|)<‘riini*n(. ii[)tHi 
tlifj Vreiit. Ktihstiineu.s \V(* find dial it r(‘<jiiin\s wliolly dinV.nMit 
animnds td’ ln*a.t oiierify to prodttc.t*. in oiu‘. j^’nun of injiss one. 
tletK'*’^’ *’lotnip* in leniperiiluri'. 

I.et. lOOtpeif h'Uel ,sln»t. be phu’ed in ojie test l.llbe, 1 00 g'. of bits of 
irem wire in umdher, and lOOg-. of ahmiiiilum wir<' in a (.hinl. Let 
lluun all )»e plaej’d in a pail (d boilim^' water hu’ l.en or lift.een minutes, 
ean* iM'ini;' laloui imt to alhiw any (d tlie water tn tmter any (d tlu‘ tulees. 
lad. lhi*e«‘ small Ve’ssels )»e pro\ ided, eaeh of whiedi eoni.ain.s lOO of 
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water at the temperature of the room. Let the heated shot be poured 
into the first beaker, and after thorough stirring let the rise in the 
temperature of the water be noted. Let the same be done witli the 
other metals. The aluminium will be found to raise the temperature 
about twice as much as the iron, and the iron about three times as 
much as the lead. Hence, since the three metals have cooled through 
approximately the same number of degrees, we must conclude that 
about six times as much heat has passed out of the aluminium as out 
of the lead; that is, each gram of aluminium in cooling 1° C. gives out 
about six times as many calories as a gi'am of lead. 

Tlie number of calories taken up by 1 gram of a substance 
when its temperature rises through 1^0*^ or given up when it 
falls through 1° (7., is called the specific heat of that substance. 

it will be seen from this definition, and the definition of the 
calorie, that the specific heat of water is 1. 

218. Determination of specific heat by the method of mix- 
tures. The preceding experiments illustrate a method for 
measuring accurately the specific heats of different substances. 
For, m accordance with the principle of the conservation of 
energy, when hot and cold bodies are mixed, as in these ex- 
periments, so that heat energy passes from one to the other, 
the gain in the heat energy of one must be just equal to the loss 
in the heat energy of the other. 

This method is by far the most common one for determin- 
ing the specific heats of substances. It is known as the method 
of mixtures. 

Suppose, to take an actual case, that the initial temperature of the 
shot used in § 217 was 95° C., and that of the water 19.7°, and that, after 
mixing, the temperature of the water and shot was 22°. Then, since 
100 g. of water has had its temperature raised through 22° — 19.7° = 2.3°, 
we know that 230 calories of heat have entered the water. Since the 
temperature of the shot fell through 95° ~ 22° = 73°, the number of 
calories given up by the 100 g. of shot in falling 1° was = 3.15. 
Hence the specific heat of lead, that is, the number of calories of heat given 

up by 1 gram of lead when Us temperature falls 1° C. is ^ = .0315. 
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Or again, we may work ont the problem algebraically as follows: 
Let X equal the specific heat of lead. Then the number of calories which 
come out of the shot is its mass times its specific heat times its change in 
temperature ; that is, 100 x a; x (95 -- 22), and, similarly, the number which 
enter the water is the same, namely 100 X 1 x (22 — 19.7). Hence we have 

100 (95 - 22) a: = 100 (22 - 19.7) or a; = .0315. 

By experiments of this sort the specific heats of some of the 
common substances have been found to be as follows : 


I 

i 


Table of Specific Heats 


Aluminium . . 

218 

Iron .... 


. ,113 

Brass .... 

094 

Lead .... 


. .0315 

Copper . . . 

..... .095 

Mercury . . , 


. .0333 

Glass .... 

2 

Platinum . . . 


. .032 

Gold .... 

0316 

Silver .... 

• 4 (p • « 

. .0568 

Ice 

504 

Zinc .... 


. .0935 


QUESTIONS AND 

PROBLEMS 




1. Why is a liter of hot water a better foot warmer than an equal il 

volume of any substance in the preceding table ? jS 

2. Which would be heated more, a lead or a steel bullet, if they were ; 

fired against a target with equal speeds ? ’l 

3. If 100 g. of mercury at 95° C. are mixed with 100 g. of water at | 

15° C. , and if the resulting temperature is 17. G° C. , what is the specific ; 

heat of mercury ? i 

4. A 10-g. bullet of lead is shot from a gun with a velocity of 400 m. ^ 

per second. Through how many degrees centigrade is its temperature | 

raised when it strikes a target? (Assume that all of the heat stays in i 

the bullet.) s 

5. From what height must a block of lead fall in order to have its i 

temperature raised through 1° C. ? 

6. If 200 g. of water at S0° C. are mixed with 100 g. of water at 
10° C., what will be the temperature of the mixture ? (Let x equal the 

final temperature; tlien.lOO (a: — 10) calories are gained by the cold j 

water, while 200 (80 -x) calories are lost by the hot water.) ! 

7. What temperature will result if 300 g. of copper at 100° C. are | 

placed in 200 g. of water at 15° C. ? . | 

8. The specific heat of water is much greater than that of any 

other liquid or of any solid. Explain how this accounts for the fact i 
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that an islaiul in mhl-oiican uudor^tu's loss oKtronn's “i trnipr iiUuro 
than an. inland rt^gion, 

9. How many {j^tanis of iiu's’old wu(»*r h** |»oiij» i{ infn ^ luin- 

bier weighing dOO g., to (!o(d it from (UrC. to tln d*,, thr -.[.tnii*- Uvul 
of ghiHs being .12 V 

10. If you ]uit a 20 g. silver Hjioon at lid in{i»a l.»ti or. mp nf (i-a 
at 7tb'’C., how nuu^h do you cool tlm teaV I 

I ClIANdK OK >StATK Kl SHiN ^ | 

219 . Heat of fusion, ff on aeobl ilay in wiutrr a *jiu.m{|f\ »»f aiow I 

is brought in finnn out of doors, wlo’i’e tin- (rnnH-iaOo»* i» ii I 

and })la(U‘d over a source (d heat, a llicniimnctcr j'luii'-n d iiUm tbr %nn\\ I 

will bo found to rls(\ slowly until (lie bMiincraluro n ado { w hm it. ! 

will bocouu^ Htatiouary and nunain so ibiring till llu* timr that f jo- snow | 

is nudtiug, ]»rovi(hKl only that the <‘onicnts id Ho* ir i>«<d ai*« « «<iaiini= i 

ously and vigorously stirnsl. As soon ns the f^mnv is nil nr iU'd tlo^ | 

tomperatnn^ will bcgui to rise* again. 

Since tlic tcnipcniLnrt^ of ict* u( H’T. is tim sanm us tlu' 
tcinpomiuro of \vai<*r at 0‘' (h, It in fnmj lliis o\ ptuinn^nf 

that when ic.o is iKunjg chanijfcil tti wnlur, tlio tuittaiit'o uf land 
energy into it dtuus not produtni any (‘haugd id iho uviuiigr 
kiuetie energy of its nioltHgth'S. 'rhm enorgv nnid t!mr«dhre 
all bo expended in pulling apart, the inoltnuilos of iIjo orvslaln 
of whieh the iee in eoinpoHt'tl and (litin ivtlnring ii |u a rnriu 
in whieh the moltHuileH art^ litdd Ingetluu' \vsh intiniaiul\; ihal 
is, to the liciuid form. In otluu’ worda, the' eiu'rgv u hirh 
in the flame as ilue kimdie tMu*rgy <d* molmuihir mofiiui liiw 
been transformed, upon passtige inlet llm midling -iMiitI, iuiu 
the potential ime.rgy of nmleenh'H wliii-li have bm-n pnllofl 
apart against tlie fortu^ of Uu*ir mutnal atirart iom TL numhvr 
of cmIotio^ (yf hodt vut'Vf/jf TiU^myat to mvlt **itv f 

stance wiUmit fmlHchuf unii chtnuiv in if^ in ootted j 

the heat of fimioii of that HuliHlttHtY, | 

^Thia aiihjeet Blutuld bn grccmhsl by a Inltomtory lim ciirvc nr i 

cooling tln'ougb the point of fuHlnri, and ftillowcil by n ti»^n«rriilnatb*u «d fb«’ beat | 

of fusion of Ico. Boo, for oxample, Kxj»crlt»cuta and *SJi nt ibe antbMta' itmtiuat ? 
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220. Numerical value of heat of fusion of ice. Since it is 
fomnl it) n*t|uin‘ ul)t»ul, SO limes as l()U|r U)v a given llanu‘, to 
null a tjuantily of siidw as lo raisi‘, tlu^ mtOletl snow tlirougli 

\vt‘ comOiule I hat il. n‘([nins ahont SO caloi'ies of heat 
In lutOt 1 g. of snow t»r ita‘. 'This constant is, liowev(ir, inmjli 
niort' UfcuratiOy tlel.enniiu'tl by 1-lui method of mixtunis. Tims, 
snppost' ilial. a piece of ice wiOgliing, for i‘xam[)le, iJll g. is 
drnp[)i*d inio 500 g. {>f water at ‘10“ (t, and supjiosn that afttn* 
lht‘ ice is all melted (ht^ tt‘m[){M‘atur(i of tlu? mixtun^ is found 
(o he 15“(\ Th(* nnmher of (taloru‘s which liave cointi out of 
[lu‘ wa(er is SOOxcdO 1 5 ) . 1 ^^,500. Hut 1.81x15^1005 
ealorit‘s of this luait must havt^ btaui used in raising the ice* 
from <r'(’. lo If)'*!’. afU‘r it, by Tuelting, lu'catno water at 0*^. 
'Tin* remainder ttf the lu'at, namely 12,500 -1005 £^^=1 0,585, 
must buvt* bemi used in nudting the 181 g. of ice*.. Heiicci the 
numbtu* of calorit‘s reipiire.d to nu‘lt 1 g. of ivxs is ‘ 

To sialtt the. proliU'in algi'.braieally, Ic^t j' — the heat of fusion 
of ict*. Then wt*. bavt*. • 

181 .r t 1005 ... 12,500 ; that is, S0..t. 

At*cordiv(/ io (hr viant varvful d(iv}niunaliom ike huit affusion 
if hr h HO.O (UtlarlfS. 

221. Heat given out when water freezes, hi\[> snow ami saU ho 
Hthlod U) a htnik<‘r uf wati'r imUl tho Uoiijuiraluro t)f tho rupiid niixtaro 
in HH h»vv im — Ur'Ct or *«12’’(t 'rhoa lot a tont tuho containing a thor- 
nioiui'tor and a quantity uf pure waiter bo thvuHt into tho cold W)hiUon. 
If tlio tlu^nnoincUu' in kopt very (pilot, thi^ toinp(*raturo of tho wai.or in tho 
li'Ht tulii'. will fall four or llvt*, or la'on i(*n, dogrooH ludow ()“(). without 
produoing Holidin(‘aUon. But an hoou an tlu^ thorinoniot(‘.r in Htirrod, or a 
Hinall oryntal of i(*(^ in droppod into tho uo(dc of the tulK(, tlic icc crystalH 
will form with grout Hndd(‘nnoH8, and at tliowunu? timo tho thonnoinotor 
will riso to whort^ it will rtunaia until all tho water m frozim. 

I'ho tixpc^ritncnlKliowH in a vory Btriking way.thafc tho proo- 
OHH (if frt'.ozhig is a hoat-ovolving proooaH. TIuh waa to have 
Vioon (.ixpootod from tlio [irinciiplo of t.ho oouaejrvation of energy; 
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for since it takes 80 tahyrivs of heat enetf/J/ to (am (t t/rani t*i lee 
at 0° 0. into water at (I, this amount of enen/// must reappear 
wlum the water turns hack to iee. 

222. Utilization of heat evolved in freezing. The hv\i\ giv^^a 
off by the frct‘.zing of wat(‘r is (jftt‘n (urno«l (n prailifal 
account; for cxainpb*., tubs of watiu* arr sttuaM iuifs plartsl 
ill vegetable cellars to pn^vent tlui vi‘g(‘tabli‘s Ircun in‘t»/.iug. 
The effectiveness of this protu^dure is due lu {In* laet (hat the 
temperature at which tlie vegtdnl)h‘S fna'/t* is sliglitly lower 
than 0°O. As the tempcu’atun^ of (luM'idlar falls the water 
therefore begins to freeze lirst, and iu s(» cloing evtdves tuuiugh 
• heat to prevent the temperatun^ of tlu* room from falling uh 
far below 0°G. as it otherwisi^ would. 

It is partly because of the heat (U'olvetl by tho freo/dng of 
large bodies of water that the ImupenUurt* uev«u’ fulls tm low 
iu the vicinity of large lakes as it <h»eH in iulamt huadities. 

223. Latent heat. Before the tinu'. of Jt»uh% when heat Wius 
supposed to be a weightless Quid, the heat wlurh ilisappeiirs in 
a substance wlum it melts and vi^apjunirH again wlum it soHdilies 
was called latent or hidden beat, 'rims water was said to have 
a latent heat of 80 (calories. This t*xpn»HHiou is st ill in tMinimon 
use, although, with the change whidi has taken phus* in otir 
views of the nature of heat, its appr(»priaU»iM»sH is enlirtdy 
gone. For the heat energy whudi is nujuinul to ehange aside 
stance from a solid to a liipiid does not exist within the litjHicI 
as concealed or hidden heat eumgy, hut has, inHti*Hd, reased to 
exist as heat enerpy at alf having btuui tmiisformed into the 
potential energy of partially separated moleeules; that is, 
latent heat represents the work whieh has hern dtmr in rffrtiintj 
the change of state., 

224. Melting points of crystalline substaneei. If a piece of 
ice is placed, in a vesstd of boiling water for an instant and 
then removed and wiped, it will not he found to bc^ in the 
BlightofcJt degree warmer tluui a piece of ice which has not Heim 
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to llui heat ol tlu*. warm waiur. I'ho molting })()int ot 
ioi‘ is a pt'rlodly lix(ul, dilhiito iomporaturti, above 

which lh(‘ (‘an n(‘V(*r bt* raisiMl so long as it voinains ioo, no 

matti'r how last lu‘at is applitul to it. All o.rystallino sub- 
staiu’os an* Found lo bohtivi*, (^xac.tly liko ic.o in this rospoo.t, 
t‘aoh substaiuH*. ol this class having its (liarac.tm*isti(i nudting 
point, d'lu* lollowing tabh* gives tlu*. nulling points of some 
(*r tlu* comnunicr crystallim^ substaiuu'.s : 


Mt'rimry . 


Sul}»hur 

. il-KC. 

Sllv(‘r . 

. er>4''(! 

h’t* . , . 

0 ** 

*V\n . . . 

. tilWl ** 

Odppiu’ . 

. non ‘‘ 

Ui'ny.iuo . 

7 '* 

h(*ad . . 

. :in() “ 

(JaKt iron 

. 1200 “ 

At’ciic acid 

17 ** 

Ziim . , 

. m “ 

eiaUmmi 

. 1775 

I’anUtln . 

. Al ** 

Aluminium 

. (ino “ 

Iriilhim . 

. 1050 “ 


Wo may siimmaractho t*xp{‘rinH!nts upon molting points of 
crystallim*. Hubstanct's in tho two follo\ving laws: 

1 . Thr. (empvnttHrvH o/^olidijivafitui (uul offuuoii arc (he mine. 

% The temperature nf the •meltini/ or ao/iilifi/int/ auhatanee 
retnainH eonatant from the inoment at lehiek meltinf/ or itoHdi- 
Jinitlon hef/luH until the proeenH u eonipleted. 

225, Fusion of noncry staUine or amorphous substances. Tua 

th(‘ cml cf a i^Ihhh rod In* li(*hl hi a lituiHou Ihuiu*. IiihUmuI of chaaKinf^ 
Htiddtady from tlu^ Holid Uu* litpiid HtaU‘, it will gnulimlly grow Hofh^r 
and Hoftcr until, if the flamt* in HuHUnmiUy hot, a drop of moltun gluna 
will Ihially fall frimi tho end of Uu' rod. 

If tho tomporaturo of tlu^ rod had Ixuui nuuisurod during 
tluH protfOHs, it would hav(*. Ikhui found to ho continually riHiiig. 
This behavior, ho {u>mpleUdy tinlike that of crystalline suh- 
HtancHiH, is charackunHlici of tar, wax, nmin, ghus gutta-pesndia, 
alctohol, (tarhon, and in g(‘ucral of all amorphous Huhstances. 
iSiKfli HuhstamtcH (’aimot ht^ said to liave any delinitci melting 
points at all, for they pass througli all Htag(*H of vistumity both 
in melting and in solidifying. It is in virtui^ of this property 
that glass and other similar HuhHtancu*.H (am he hmitiul to soft* 
nasH and then molded or rolhul into any dosired shapes. 
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226. Change of volume on solidifying. One lias only to 
reflect that ice floats, or that bottles or crocks of water burst 
when they freeze, in order to know that water expands upon 
solidifying. In fact, 1 cubic foot of water becoinos 1.09 cubic 
feet of ice, thus expanding more than one twelfth of its initial 
volume when it freezes. This may seem strange in view of 
the fact that the molecules are certainly more closely knit 
together in the solid than in the liquid state ; but the strange- 
ness disappears when we reflect that in freezing the inolocules 
of water group themselves into crystals, and that this operation 
presumably leaves comparatively large free spaces between 
different crystals, so that, although groups of individual mole- 
cules are more closely joined than before, the total volume 
occupied by the whole assemblage of molecules is grciater. 

But the great majority of crystalline substances are unlike 
water in this respect, for, with the exception of antimony and 
bismuth, they all contract upon solidifying and expand on 
liquefying. It is only from substances wliich expa,nd, or which, 
like cast iron change in volume very little on solidi lying, that 
sharp castings can be made. For it is clear that contracting 
substances cannot retain the shape of the mold. It is for this 
reason that gold and silver coins must be stamjmd rather than 
cast. Any metal from whicli type is to be cast must be one 
wliich expands upon solidifying, for it need scarcely be said 
that perfectly sharp outlmes are indispensable to good type. 
Ordinary type metal is an alloy of lead, antimony, and copper 
which fulfills these requhements. 

227 . Effect of the expansion which water undergoes on 
freezing. If water were not unlilce most substances in that it 
expands on freezing, many, if not all, of tlie forms of life whicli 
now exist on the earth would be impossible. For in winter 
the ice would sink in ponds and lakes as fast as it froze, and ' 
soon our rivers, lakes, and perhaps our oceans also would 
become solid ice. 
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Tlu‘. by Uu‘ (‘xpansiou of froozing water is very 

gn'iUu Stool b()iu))s huvci Ixh'U biirsL by lillhig tlmm with water 
and (‘Kposiug tlitnu on cold wiidor nights. One of the chief 
ugi'ids in thiM!isinl(‘g]*at ion ol I'oolcs is the rr(H‘zing and (’.onso- 
(jiund. i*x|)iinsion of wa-lor whioli has poro.olatod, into tlioin, 

228* Pressure lowers the melting point of substances which 
expand on solidifying* Sinoc'. the onlsidi^ pn^ssinv, ading on 
ilu^ surbuH^ ol a body t(Mids to })rt‘.V(*nt, its {^x[)ausion^ W(^ should 
oxt)oot that, any inonsist^ in tlu^ ontsidi‘. prossnn^ would tend 
to pn‘,vont till', solidilioat ion of substanoos whio.h (expand U})oii 
froozing. It ought thoroforo in roqiiiro a lower iouipo.rature 
to freeze iee uudin* a pri'ssure of two atinos[)lu‘.ri‘s than under 
a pressure of one. (hireful t'xperi- 
iiu'uts liavi'. vi'riiied this eonelusioiq 
and have shown that tlie nu'lt.ing 
point of iee Is lowered .OOTb'Uh for 
an iuereast^ of one atmos)>here in 
the. outside pressures AJlboiigh this 
lowering Is so small a (puud-ity, its 
cxiste.uee may bi^ sbowu as follows: 

Lt‘l. two (jf ic(‘ ))(• ]H‘OHHctl lirndy pj,,. 1711 , Ue^naatlou 

t()gi*tlnT hfiicntli tlu^ HurfjKM' (K a vr'Hsol 

full of Warm water. When talom out they will la* found to ho frozen 
t»»g!’llu'r, \n HpiU* of till' fai't that tlii’y hav(‘ lieeu innner.Hiul in a me.dhim 
luueh warmer than the fri'e/.ing ))oint of water. l'lu‘. explanatiim h 
UH folloWHt 

At Uie poiutH of coutaei the pn'HHun'. redueoH tlie fna'ziug ))f>iiiti of 
the ie(» helow (EC’., and luuiee it iiU'ltH and given rine to a thin lihn of 
water Uu' ti»iinu*rature of whieh iH Hlightly below 0“(h ^Vlum tliifl 
prt'KHuri^ in releanial the lilm of water at omai freezes, for its h'lnpera- 
ture in below tin* frei'zing point eorreH[Kmdlug to ordinary al.moHpherie 
preHHtire, The name plumomi'uou may he even more Htrikingly illuH- 
traU'd by the foliowing experiment: 

Let two welghk of from 5 to 10 kg. he lunig by a wire oviu* a blotik 
of iee an in Fig. 171). In half an hour or Iuhh the wire will be foimd to 
have cut completely through tlie block, leaving tlus ice, however, aa 
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solid as at first. The explanation is as follows : Just below the wire 
the ioe melts because of the pressure ; as the wire sinks through the 
layer of water thus formed, the pressure on the water is relieved and it 
immediately freezes again above the wire. 

This process of melting under pressure and freezing again 
as soon as the pressure is relieved is known as regelation. 

229. Pressure raises the freezing point of substances which 
contract on solidifying. Substances like paraffin, zinc, and lead 
which contract on solidifymg have their melting points raised 
by an hicrease in pressure, for in this case the outside pressure 
tends to assist the molecular forces which are pulling the body 
out of the larger liquid form into the smaller solid form ; hence 
this result can be accomplished at a higlier temperature with 
pressure than without it. 

We may therefore summarize the effects of pressure on the 
melting points of crystalline substances in the following law; 

Substances which expand on solidifying have their melting 
points lowered by pressure, and those ichydi contract on solidify- 
ing have their melting points raised by pressure. 

QUESTIONS AND PROBI-EmS 

1 . What is the temperature of a mixture of ice and water? What 
determines whether it is freezing or melting ? 

2. Why does ice cream seem so much colder to the teeth than ice 
water? 

3. What is the meaning of the statement that the heat of fusion oi 
mercurv is 2.8 ? 

4. Why will a snowball ” pack if the snow is melting, hut not if it 
is much below 0° C. ? 

5. If water were like gold in contracting on solidification, what 
would happen to lakes and rivers during a cold winter ? 

6. Equal weights of hot water and ice are mixed and the result is 
water at 0° C. What was the temperature of the hot water? 

7. Which is the more effective as a cooling agent, 100 lb. of ice at 
0°C. or 100 lb. of water at the same temperature? Why? 

8 . How many grams of ice must be put into 500 g. of water at 50° C 
to lower the temperature to 10° C.? 
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(hiANcjK OF State — Vaih.)kization * 

230. Heat of vaporization defined. The oxporiincMiis poi’- 

forim*(l in (Umpiin* 1\^ on IMoUuuihir Motions, Itul ns to the; 
<',oiu‘lusiou Unit, at tlio fiv.o surllu^o of any lupiul, niolc(nilcs 
frtM[uently atu[niro vc,lo(*iti(\s sunicit^ntly liigli to (niahle tlunn 
to lift tluunsolvos l)(‘yon(l t.lu^ ningi'. of attrac.tiou of the niolo- 
(*.ul(*s of tlu‘. liipiid and to pass off as fnui ^asoons inolcc.vilos 
into tlu*. spaci*. above*. Tlu'.y tau^dit us furtlun* that siuoc it is 
only siK’h niolei*ul(^s as liave^ unusually lii^i^li vcdocitios wliicli 
an*, able*, thus to t'soape*, (.ho avi^riti/e. khuiu* mole- 

(•uk*s l(*ft Indiind is (*ontinually diniinisht^d by this loss from 
iht^ Tupiid of ilu* most rapidly moving moln(*.ulos, and consev 
(pu'utly tlu^ tt*mp('raturo of an (*.vaporating liepiid constantly 
falls until tlu^ raU^ a(. which it is losing huat is cujual to tbo 
rail* at which it. rcccivc's lu*al from outside sources. Evapora- 
tion, ihcrcfoiT, always taki*s placu^ at tbo c‘.xpi‘nsc. of the boat 
cm*Tgy of till*, licpiid. The vumher of ntlarin^ tf heat iv/drh din- 
appear m the format ion of one pram (f vapor in called the heat 
tf vaporization of the litpiid, 

231. Heat due to condensation. Wht‘n luoloculos pass olT 
from the surface of a licjuid tht*y risi^ against the downward 
foriam cxerUal upon thenn by thu licpiid, and in so doing ox- 
change a part of Uu*ir kimd-ie emorgy for the potential energy of 
Heparatial mol(‘(*.ul(^s in prec.isely the same way in whioli a ball 
thrown upward from the c^ai’tli c^xc^janges its kin(‘.tic. energy 
in rising for tlu* potential (‘iicvrgy whicih is represemted by tbo 
separation of the. ball from tlie earth. Similarly, just as when 
the ball falls bat*.k, it rc*gains in the dimc.ent all of the kinoiio 
energy lost in tlu^ asc'ont, so wbe.u tlie inoleeul(*s of tlu^ vapor 

It Ih rrMH)iiinnmi<UMt tlmt tbln bt^ acuumipanbul by a \ab«>vaU)ry defeor- 

minathm of Uu» boiling prjint of alntiliol i)y tbo (Urcua iniaiioil, and l»y tbo vapor" 
pri^HHurn motiitu!, unci tlmt It i>o followiul iiy an oxpcn’inHuit np<ni Urn dxwl pointH 
of a thormornntnr and tbo idmngn of Ijolllng point with proHHiiro. Hor, for cxaniplcJ, 
Exporlmonb US ainl U l of Uto aiitliorH' nuuuial. ^ 
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reenter iho liquiil, tlu\V must jv^aiii all m|’ thr Kiiuiir 
which th(‘y Inst. wlu‘U (luw [utssrd <Mj( nf ihf h«(!{Hh Wh* umy 

expect, therc‘ lore, that enr// /,./// 
generate in thin prorv^H the Hauie niunh> e *a whirh iran 

requireil to vaponze it. 

232. Measurement of heat of vaporh/ation. ‘I’m !ui«l ur. unariy 
tlio jminbcr of ralorioH in t\w »*i n h u .t'4 in tho 

C()ii(l(Ui.sation, of a ^^nun of \vat*‘i‘ ut Ino u.- .^n-.un ra|.iilly 

for two or ihn‘o luiimti'H fnuu an anair.a oirin hi.- thai '.hnun in 
Fig. 180 into a vohhoI onnluininu. 

500 g. of wator. Wo obsorvo iaitiai uinl 
final Uunp(‘raUin‘H aiul tin* initial am! lioal 
weiglita of ilu^ vvaU*i% If, for oKiuifpl*', tlo' 
gain in weight of the watfi* in lO,.* ^ , lu- 
know that lli.n g. of Hb‘ain luivo bmi tmo 
( leiiHcd, H Uh*. ri.Nf‘ in bnupominir *•! ihv 
water in from 10'*(\ to Utr'i’., \\v know Ifo&i 
500 X (110 -»* 10) 10,000 <‘ulorj«-4 uf h«-iil 

liavo eiiUwcd tho wabT. If / rr|*t»-^,riit‘4 
the luuubor of ralorit'S glvtm n\^ by I e.- “t 
fltoam in oondonHing, then the tuud h« uO 
imparttul to ihe^ watiw by tln^ niud»’n^Hili“u 
of tho HtoanviM 10,5 x ralor’n'H. 'DtiH rMndro s* 

100*’ 0., whhOi in tluai eotilctl to Oti 'i\ In flo j 



Fn. 


|NO, Ur. If s»| 

*4 Vaali-I 




1 $•; Jl! Isl if lit 

.•...•htli-; j-l... . 'HI il llji 

10.6 X (10(1 — 1!0) ; llfi’i fiiliirh'*. On' 

by tho watc^r to Uw lipat lost by tho «u-iiim. «»• buiii' 

1(1, (um ■ 1(1.5 p -1 U.M. lit .. I 


ThisiH Uio iiictlind uwmUy ('uijiltiu'd fur itioiimt flu- hi-iii of 
vapomatioii. Tlio iuhv Hfrc|itril vahto i*f llii>. .1. nil .ml is ndil. 

233. Boiling temperature delined, If a Injiml is hy 

means of a fliiiii(>, it. will Im ftiinnl thiit i > ,i < i-iiuin lom. 
perafcure above which it ciuiimt Ik* misnl, in* imiiu r li'iw nsjudly 
the heat is applied. This ia the tmupcrnltuc w wl(cn 

hubbies of vapor form at llm iHilttmi nf Um k-.swI imd rwn t« 
the surface, growing in si/.g as they riw, ‘i'hw l.'mpcralure is 
commonly called the Minij tt nifiirulun’. 
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Bill a sihioihI iiiid t'XjuT (hdlniiioii r>r ilu^ l){)iling‘ point 
may W- ^\vvn. It. is ('[(‘.ar llial a Inibhlo of vapor oau oxist 
wlUiin tlu^ li([at(I ojily wlum tho pr(‘ssiin\ oxoriod by tim vapor 
witbiii llu*. bubbl(‘. is at Itnist <‘(|ual to t-lu'. at,iuosph'(‘.ri(*. prossuro 
pusliiii^* down on tla‘- surra(*(‘ of tlu'. li((ui(L For if the pres- 
sures wilhiii this bubble, wens lisss t-han i.lus ouisido prossuro, 
ibis bubbhs would iinmodialisly (•.olla[)S(s. Tlusrisforis, dr. boilimj 
ptuiU iH the tonpvmtHrr at lohich, (hr prrmfou^. i>J' (hr mtvrtitrd 
vapor jirnt hmanrH iupnd to (hr prruHnrr rxintimj oatmtr, 

234:. Variation of the boiling point with pressure. Siuo.o 
this pri'ssuris of a satiiratisd vapor varii's rapidly with the 
tisiuporatuns and siuisis t.ho l)oilin|j»; point lias l)(‘(sn disfiiusd 
as this tompisraturo at whic.h the press- 
sure of this saturated vajior is is<(ual to 
this outsidis pressuns it follows tliat thr 
hoilhai ivVint munt vttrj/ an thr oalHtdr prrn- 
sarr varlrn, 

'Thus lt‘t a rtunul ImU.uujed llask ho half 
lilh*il wiUi waU*r aiul hoihMl. AfUs* Mie Iitsilirig 
luLN t’otiUiuu'il l'«jr a fow miiiuU'H, ho tliat t.h(' 
stoaiu has driven otU, iuohI. of tins air from this 
ilask, let a rnlil)(*r stopper 1 ms hiHerted, and 
tlu‘ llaHk reumvetl from this fhuue atnl iuvert(‘d 
as hIiowu ill h'ig. iHl. 'I'lus temperature will 
fall rapidly helow the hoiling point. Hut if cold water In poiiri'd ovm* the 
flank, the water will again begin to boil vigoroiinly, for the ladd watesr, 
by eondmming this steam, lovvt*rH the preHHiire within the flaHk, and thuH 
enablen the water to boil at a temperature lowin’ than lUO'Al. 'rin*. boil- 
ing will eeiiHi’, however, a.H soon hh enough vapor is fonmsd to restore, tins 
preHHure. 'I'ln’ operation may be repeated many timen without risheating. 

All Iho oily of Quito, ICe.uador, waUir hnils at DO^’Ch, and 
on iho top of Mt. Bhuio it boils at H4'*(b Ou the otlior 
hand, iu the boilin’ of a stisam (sugino in whioh the prisssuro 
is 100 II). to tlio squaro iiudi, tho boiling point of tho water 
is inTHh 
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235. Evaporation and boiling. Tho. only i‘.ss(‘ntial diiTt^ivnoo 
between evaporation and boiling Is that l.Ut‘ t\)rm(‘r consists in 
the passage of molecules into tli(^ va[)orons condilioii yWo// (hr 
free surface cmly^ while the lati.iu* consists in tie* passagi* of t he 
molecules into the vaporous condition both at tlu^ fiun* surfma* 
and at the surfacio of bubbles wliich c^xist within tlu^ body tjf 
the liquid. Tlie only reason that va[)orr/ation talu'S placi* sti 
much more rapidly at the boiling t(unpi‘nitur('. ( ban just ludow 
it is that the evaporating surface is enormously iiun’castsl 
soon as the bubbles form, d'he reason i\n\ Uoaptn'atum cannot 
be raised above the boiling point is that the surfam' ahvayn 
increases, on aeeouiit of the bid)bleH, to just such an extent 
that the loss of heat bec.ause of evai)oratiou is ('xacily (upud 
to the heat received from the lire. 

236. Distillation. L(‘t water Imhling’ hi H<)luti(»u some aiuluit' tlyc 
be boiled in B (Fig. 1812), Tlu*. vapor of Urn litpiul will pass iaUi the 
tube wliei'o it will bo conclonmul by the cold wuho* wliioh is keja 
in continual cireulatiou through Uh^ jaekt^t ./. /Pht* coiuhnisisl water 
collected in P will be niuni to be fri‘e 
from all traces of tluj color of th(» 
dissolved anilim;. 

We learn tlum that wheu solids 
are dissolved in li([uidH the va'por 
wliich rises f rom the solution con- 
tains none of the dissolved s-iih- 
stance^ Sometimes it is the pure 
liquid in F wliich is desired, as 
in the manufaeture of alcohol, 
and sometimes the solid which remains in //, as in the* jmum- 
facture of sugar. In the white-sugar industry it is iicm^Hmiry 
that the evaporation take place at a low Uunpi'raturis ho that 
the sugar may not be scorched, lienee the boiler is ktqsl par- 
tially exhausted by means of an air pump, tlum (tabling ilm 
solution to boil at considerably reduced iemperatureH. 
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237. Fractional distillation, Wlu'u both of i.ho ooustitiu'.nts 
of a solution nxv, vohU il(‘, as in tlu^, caso. of a mixturti of alc.olu)! 
and water, Iht* vapor of both will rise from tlu‘, litjuuh But 
tlu‘ oiu’ which has tin*, hnvu'r l)oilin^ ]>oiiii., that is, tlu‘, higher 
vaptu' pn’ssurc, will prt‘(lominai(‘, lliuua', if w(‘. have in ./>' 
( Fig. 1H2 ) a solution consist ing of alcohol and wuiter, 
it is ch'ar that W(* can obtain in by c.va|)oratiug and cuni- 
thaising, a solution <’onta,ining a much largc.r pt'rciaitage of 
al(‘.ohol By rt‘pt‘aliug this opi‘rati(»n a inuuht‘r of tinuvs we 
can im'H'asc tlu^ jaivity of the alcohol. 'This [)ro(u‘ss is <‘alled 
fnn'thnal itiatUhtiiinL d'lu* boiling point of (lu*. mixture li(‘s 
b(‘twccu the. boiling points (d’ aU‘ohol and water, ludiug higher 
the gri‘atcr tht^ penamtagt^ of waUn* in tlu*. solution. 


QUESTIONS AND PROBLEMS 

1, After water has he(«u " broup^lit t<» a boil,” will betaum^ liuvd 
aay qaieker when Mu* flamt' in tluui when it in lowV 

2. I'hi* hnt water which leaves a steam radiat.m* may lu^ an Imt as 
the Hteam wliieh enU^vt'd it. How then has thi' nunn beim warmtMl? 

3, Ifcw mm*h In^at is up liy 3() g. of steam at KxrCh in eoii- 

(IcutHiiig tn water at. the sanu* temperature V 

4. A vesstd (Mintains nno g. nf wat.er at ir(h ami bhig, td itte. 
If 2rj g. nf steam are enmienstsl ui it, vvluU. will be tiii^ resulting 
tenquTatureV 

6. Iltjw many ealories are giveii up by 30 g. ef si-eaiu at 1(H)*‘C’. in 
eomlenHing amt tlum euthhig to How inueh water will UiiHHU'am 

raisi' fnun It) Ih)'’ ('. ? 

6, Why do lint' bubbles rist) iu a vesst*! of water which is bt'ing 
lieatetl h)ng before the btiiling point- is rcaelu'd V llow^ can you diHt.iiigiiish 
betw«*eu this pheuomemm anti boiling? 

7, When wait*r is Itnih^l in a deep Yt‘ss(*l it will )»(* notleed t.iiat ilu^ 

bubbh‘H rapidly inerease in si/e as tliey ap[»roaeh tht‘Knrfaee. (Jivt* two 
rt'anons Cor rhis, . 

8, Why dot‘H Hteam produce so mueh nmre seven* burns than hot 
waUT of tht^ saint) tt*mperature ? 

9, Wliy iu winter ihu'H not all Urn snow melt at oiiet* as sotui as iim 
Umiperature of tlie air rist^s itbovt) 

10. Explain how freezing anti Uiawing disintt*grato rocks. 
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11. In l.hc fall w(' (‘Kja'i’t frost on <*Wiiv uht-ii tlu' t\v\\ [mint in 

low, but iioton cloudy niKlds Nvlicn tiic d»‘V\ i^nnl i . luvjh. {\iu yni 
any ruiiHou why a hii’i^c <icpnsit oi dew will the of 

the air from falliui^^ vtuy hnyV 

12. Why docH thi\ distillathm of a mixture i.f uieolnd uucl water 
always nxsult to souu' cxleut' in u mixture «»t aleidud ufid walri f 

13. A fall of V‘ (h in tlie iuuliuK |«hivt Iw liuim, ttfltl ft. 

How hot is boiliuj^; water at Denver, otHin It. ah«'Ve m u h-u l / 

14. How may wiujhtain pure ilriukitig wut«’r tv»*m i^eu watei V 

AuTIKUMAL (‘(uMdXtl 

238. Cooling by solution. Led. a liamlful e.immMii .'.alt ht^ places! 

in a small beaker of wateu* at Die teunperuture oi the roMiu and nlirreel 
with a thennomide'r. d'ht' temperature will full .M-veral ile)4i»'fH. If etiual 
weights of ammonium nitrate and water at ir» i \ are iiiixi d. the temjMr' 
aturo will fall as low us I OH*. If tlie water m*aih nl tt i\ when tlie 
ammonium nitrat.(‘. is added, ami if the Htirritiii^ in d«mr with a tent tube 
partly fllhid with ieuwuild water, tin* water in the tube wUl be fro/»‘ii. 

Tlioso oxptu’iimuils show that tin* hrmikiui^ up tef tlm nryntals 
of asolitl nupuros au (‘Kpmulitun* tif hi*ul ns we'll when 

tliis oimratiou is (hTtu'Uul hy sulutinii as Uy fusieiu, 11m rmwou 
for this will appear at ouet*. if wi» iHiusitter tlie atmhntv lud weeu 
aoliitiou and evaporatlou. For just as tin* uneh'eutoH uf a liipihl 
tend to escape from iU mirraet* into tin* air, h* tin* umloruleH at 
the surface of lliu salt are teudiu|^, liecmuse of their vclori(ic*H, 
to pass off, and are only ]u‘ld hack hy tin* utiructi«ius of the 
other inoleeules in Hit*, crystal to which tluw ladtui^. If, Innv- 
ever, the salt is platuul in wider, the ait met ion of (he wider 
inoleeules for the salt molecules aids tint natural \ c!ocirn»H of 
the latter to carry tlu*m beyond the atlnudion (»f tln*ir fellows. 
As the molec.ules t?si!ap(t frmu Uict salt crystals two feu'ces are 
adiiiig on them, iluj attraction of the waDu* niohH'ulc.s tertdiuK 
to increase their velocitu^s, and the attniction of tin* remaining 
salt inoleeules tending to diminish tliese velocilic’s. If the 
latter foH'.e laws a gvuatm* resuUani effect than the foriiii*n tint 
mean velocity of the luoleculeH after they have escaped will 
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be diminished and the solution will be cooled. But if the 
attraction of the water molecules amounts to more than the 
backward pull of the dissolving molecules, as when caustic 
potash or sulphuric acid is dissolved, the mean molecular 
velocity is increased and the solution is heated. 

239. Freezing points of solutions. If a solution of one part 
of common salt to ten of water is placed in a test tube and 
immersed in a " freezing mixture ’’ of water, ice, and salt, the 
temperature indicated by a thermometer in the tube will not be 
zero when ice begins to form, but several degrees below zero. 
The ice which does form^ however^ will he founds like the vapor 
which rises above a salt solution^ to he free from salt^ and it is 
this fact which furnishes a key to the explanation of why the 
freezing point of the salt solution is lower than that of pure 
water. For cooling a substance to its freezing point simply 
means reducing its temperature, and therefore the mean ve- 
locity of its molecules, sufficiently to enable the cohesive forces 
of the liquid to pull the molecules together into the crystalline 
form. Since in the freezing of a salt solution the cohesive 
forces of the water are obliged to overcome the attractions 
of the salt molecules as well as the molecular motions, the 
motions must be rendered less, that is, the temperature must 
be made lower, than in the case of pure water in order that 
crystallization may occur. W e should expect from this reason- 
ing that the larger the amount of salt in solution the lower 
would be the freezing point. This is indeed the case. The 
lowest freezing point obtainable with common salt in water is 
— 22° C. This is the freezing point of a saturated solution. 

240. Freezing mixtures. If snow or ice is placed in a vessel 
of water, the water melts it, and in so doing its temperature is 
reduced to the freezing point of pure water. Similarly, if ice 
is placed in salt water, it melts and reduces the temperature of 
the salt water to the freezing point of the solution. This may 
be one, or two, or twenty-two degrees below zero, according 
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.to the conoontnitiou of ilio soliitioiu W lu‘(htn' thou wo juit 
the ice in pure wait'r or in salt walor, oUuuii;‘h tjf it always 
melts to recliioe the whole, mass (o tlit‘ 1 (Haul- et tlie 

liquid, aud each gram of iee whitli melts usi*s u[» SO eulories 
of heat. The offidoicj/ of n )ni\'tun* tf ntilt iuk/ hy m pri»dunntf 
cold is therefore (h(e sijnplj/ the fttrf t/uft the J ree;:noj /mint tf 
a salt sohitioii is loioer thun that of pure water. 

The best proportions ar(‘, thria', purls of smnv or iinely Hluivetl 
ico to one part of common salt. If (hret* parts t>f euleium 
chloride arc mixed with two parhs (jf snow, a teuiperature 
of — 55° C, may be produced, d'lns is 
low enough to frec^.o nienmry. 

241. Intense cold by evaporation. If, 
instead of utilizing as above tlu* heats 
of fusion, wo utilize the largtu’ limits of 
vaporization, still lowcu* tcm]:)eratur(‘s 
may be prodiute.d (se,c t d 1 ). 

Thus, if a cyrnuler of licpiul carhon tliox- 
ido is platu‘(l as in Kig. and Mit* HtojKMu'k 
oiK'iK^d, .smdi iuU'nst' (!o]d is jirodiu'cd by Iht* 
rapid cva|)oraUon of Uu' rHpiul which ruHln’S 
ovit into the hag that tin*, litjuid fnsws lo a 
snowy solid. I'ho solid itsedf (‘vaporates ho 
rapidly that it maintains, as long as ithislM, 
a toinperatviro t)f - S0“(h If a littln of Uim solid is piaci-d in n hi-akcr 
containing otlu‘r, and Uiu mixture is Htirrcd with a test lube iillrd with 
mercury, the mercury will he frozen solid. 'I'lu' elnof f unet i»m at the ether 
is to insure intimalie e.outael between the. cold mdid ntid the tent ttihe, 

QUESTIONS ANU PROBLEBatS 

1 , Rxplaiu why salt is sometimes thrown <in try sidewaltn on rtdd 
winter days, 

2, When salt water Irei'/.i's the iei‘ formed is’ praellenlly fret^ from 
salt. What eiff'et, Hum, (hu'S freezing have ou the euneeidrntiou of a 
salt solution ? 

3, A partially concentrated salt sohitlon which ban a freezing |«dtit of 
— fj" C. is placed in a room wliitdi is kc[>t at - 1(1 ’ Will It all frt*eze ? 
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4. (iivj‘ tw(» ri'usoiis why t-lit* (hm'ilii fnu'/.i'H Ii‘hh easily iliau i.lu‘ lakes. 

5. \\'liy <lnrs ll.^SOj into water iiriKliuu^ lu'at, while ptmring 

tht‘ stuue suhstaiu’e upon i<*e pro<luet*rt eoUl? 

6. It. soinelimi’s happens that a liniiid whieh is iinabh^ to dissolve* a 
solid at a l<»\v teinptn'alure will do so at a hij^her tiMiijierature. ^VhyV 
(Set* g lids.) 

7. Wdu'u tin* salt in an ieefream free/er unites with th(‘ iet* to I’onu 
hritus about how many ealori(*s td‘ heat art' nseil for eatdi jL;’raiu of \vi\ 
imdtetlV Where dors it eonie fi'om ? If tlu‘. fns'x.iujL^ point of tln^ salt 
s<dutiim wt‘n‘ tin* same as that of tin* er(*am, wouhl tln^ lattc‘r free.xeV 


iNDlbSTltlAb A IM’bb NATIONS 

242. The modern steam engine. Tims rnr in otir study ot 
llio Iriuislnruiuliutis of uucr^y wi*. liiivn (‘onsidi'ixul only o.ust's 
in wliifh iiuH'hauii'al (‘luu'^^y was tninsroruuul into huat (m(U‘g;y. 
Ill all heat I'Ujjfiiu’H wo liava i^xatu])lt‘s of oxaetly tlio reverse 
opi'ratioii, nanu'ly, (lit‘. Irausfonnalion of limit tdU'rgy back iuto 
mcclmuicul How Ibis is doiu*. may bt*si b(‘ uiulcrslood 

from a siucly uf various motli‘ru forms of limit cn^dmvs. The 
iuvculiou of llu‘ form of tlu'. slmuu mijjfim^ which is now in use 
is diu'. lo Jamt‘s Wall, who, at llu‘ tiiiu^ of tlu*. invention ( I 7(iH), 
was an instrunusit makm* iu the Univie'shy of (ilaspfow. 

The o|u»ratiou of such a mm-him^ can luNst he understood from 
tlu^ ideal dia^mvm shown iu Kio;. l.S»(. Sttuim p^eiunniU^d in the 
hoilt^r // hy the ih‘c F passiss lhroU|i;’h the piiie S into the steam 
chest l\ and (hence Ihroiip^h ilie passaj^^e /Vinto the cylinder 
where, its pn'ssure forei*s the pist.on to the, Ic-ft. It will he 
semi from the* (ip^urt^ that, as the drivinpf rod A* moves toward 
till*, left, th(^ so-eallml eec(*nlri(^ nul A!', whieh controls tlu*. valv(‘ T, 
movt‘S loward tlu*. ripdiL llcuec, when the piston lias reiuduul 
ihi^ left end of its stroke llu^ passapfe W will havi', Inurn cIohikI, 
whih^ tin*, [lassagt' Jl/ will have hmm opimiuk thus throwing the 
pressure from llu' right to llu\ leftside oi lla^ piston, and at the 
same time putting the right end of the cylimlm*, whieh is full 
of spent steam, iuto eonneidiou with the exhaust pip(^ AA This 
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operation goes on continually, tlu‘. rod ojuMiing unci clnsing 
the passages ilf and iV at just tlu‘, projicr nioiin'iits tn kfrp fha 
piston moving l)a(‘.k and fortli tliroiiglnuit ilm length nl the 
cylinder. The shaft carrit\s a heavy llywlieid II, tlu' great 



inertia of which insuroa conatancy in H[K‘e(L luntiim of 

the shaft is connnunicaUul to any di^siri'd maelunury In* nuaum 
of a belt which passes over the pulk^y IT'. 

243, Condensing and noncondensing engines. In xnml Htii« 
tionary engines the exhaust AMcads to a f(uidenHCT wlurh eun» 
sists of a chamber Q, into which lilays a jet of euld wattu* 7‘, 
and in which a partial vatmuiu is uiaintaiiKMl by incaim uf an 
air pump. In the best engines ilui pri^ssurt^ within V 
more than from 3 to 5 ceutinud.ers of mercury ; t luit is, nut nuire 
than a pound to the square ine.li. ncuce the (‘ondtuiHer rc‘diU‘eH 
the back pressure against tliat end of the piston which is tipen 
to the atmosphere from 15 pouudKS down to I ptiimd, and thui 
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incr( 5 as(‘H ilu^ u(Tt‘ciivo pnsssiirc wliic.li tlio steam on tho other 
side of l-lu^ piston can (‘xin’t. Shuns ho\v(iVin*, the addition of 
the c.oiuh'ustu* inalv(‘s the (Mi|jjine more (‘.xpimsive, more heavy, 
and more (!ompli(*ate(l, it is ^nnu‘rally omiUed on loc.omotives, 
and on other eiin'im^s in wliicdi simplic.ity, eompac-tness, and 
stability an*, of mon^ imi)orta-mu*. tlian (unmomy of fiud. It is 
obvious that if a noiicoiidensin^i^ i‘.n^nm^ is to liavii tlie same 
elTetjtive pn'ssun* on ilu* piston htnul as a comheising engine, 
tho pn^ssure. maintaitu‘(l within tlii*, hoih'.r must 1 h 5 about 
If) pounds higlu*r. For this n'asou nonc.ondensing engines 
are ofUei called high-pr(‘ssnn», t‘ngin(‘s, Much (uigines eau easily 
he r(*eognr/e.d l)y tliti pulTs of e.xliaust sUauu which they send 
out into tlie atmosphere at (uich stroke of tlu^ piston. 

244. The eccentric, lu prariit^n the. valve rod li is not ailaclu'd 

aH in tlu'- itieal enf.(in<* indiealcd in IHI, ImiI. motion is com- 
municaU’jl to it by a kohmiIUmI (rmifrir. 'iMiis (^ouhihIh of a e.ireular 
disk /C (Ki^. ri).dtny atlaelied U) tlu^ axh*, hut ho H(*t that itn 

(‘.(Uiter doe.s not eoin- 
eide with tin* e(*!iter of 
tht* axh* A , ’‘I'lie dink I\ 
rotatcH itiHidt' tlu^ col" 
lar am! tlniH eonunU' 
nicutU'H to tin* e(*(n‘ntne 
rod U' ii batdc-amhforth 
motion which i»iu*raU‘H 
tlui valvi^ i" in Hindi a 
way as to admit Kteam 
through /I/ and N at 
the pro}»t*r tiini*. 

245. The boiler, When an i‘ngine in at work steam Ih being vinnovecl 
vtu^y raj)irlly from t in* boil«*r ; for t*xam]de, a railway loconioiiivi^ c.onHUine.B 
from JJ to i\ bniH of watt'r per hour. It in tlu^rt'fore necesHary to liave 
the lire in contact witli an large a Hurfaiui an poHHihh*. In the tubular 
boiler Uii« end in accompllnhed by cauHirig the llanu'H to jiaHH through 
a large number of metal lub(»H immeraed in wab'r. The arrangement 
of the furnace and the boiler may bo hoou from tliu diagram of a 
looomoUve nhown lu Fig. IHfh 
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draws with ilaportuui t>f tht' air frutu ihr l—t /*. |•^««hlri^| 

within D a jiartial vmnnjm iiitu whirli a ftil *m .hn fruju tin 
furriaco thnaij^^h tin* ttilu^n /I. Iln*' ruiil hu «»i dinar 

locomutivn is from imo fmirUi t«‘H |*ri 

In Htatioimry crngiiifs a dmft in MhtsiHjo^d th*' 

staek vt^ry hi^du Sinro in thh tin-’ |4*-rnii!*' yJis^ls tn Ih* 


air throng'll tin* ft{rmt<‘f if^ nqiiid ti* thn dstfrirm r 
in the wolghts of tmlnmnH *»f ntr ^4 mnt riMv* ?iv. 
tion iusidci and initniilt^ tho <-iumiiny» if vi r\id*-iti 
that ildrt proHHurn will In* gmatt-r lltn 
height of tlio snioki'Htark. Hiin i’4 thn i,.% 

the iimnenHo Indglits givrn tu rhimii^n a In 
power plants. 

247, The govtirnor. Fig. Ih 7 rdmiv^usn 8ni|»^nn*n'j 
doYico of Watts, called a fni' rrgnhiiSinj.;: 

automatically tlic hi«‘ih 1 with whi«d» ^ ftlatnus^s v 
engino nins. If it rurm Um fa^t, th,, hmt\ uiW 



hu,. m. IV 

ll^trrfisrir 


ing balls B move apart and ti|m-ard, ami tu a valve 

wliich j^artially shuts tlm snippiy m| airas 4 i /r^»fn tin-? ^‘vhiidt^r, 
248, Compound ongiaei. In an mhkh h.o* tmi a niu^h rylke 

der tho full fortto of tin* sti’am ha-’i umI |ini'’«''ij fips-nt ?.% Is«“it tfs** «'yliinlef 
is opemul to the t^xhmmU Tim *4 rn«-s^% uhi^ h iUtn vutAtU h 
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obviiiicul ill ilio (M)iiip(niiul (‘n.nint‘ by allowiii.i^ Uii‘ juirtially Hpi'ut staam 
to i>aHH into a sat'oiid ayrnalar of hu’^^cr ansi than tluv first. Tlin most 


tlin‘(« and stnuatimcs four (‘yliudars 
a(SMirdiiiL»*!y aalhnl (viph'. or (pitith'upld 


(dliciiuit of inodaru hav( 

of tliis .sort, and tho oni^iinvs an 
dxjxutsiou cnt/iNc,^, Fiiy. ISS .sln>\vs 
tlu^ ndation bid.woon any two .sue 
(uissivo. c.ylindfn’.s (d’ a (‘onipouinl 
I'lighus By au(.tnnati<* dnvircs 
not dinVriii;^^ in pruuMplr from 
tli(» (Huu*ntri{^ valvos r’', and 
A’-ojxui sinmlianoously and thus 
permit .sttnim fnnii tin* boil(‘r to 
('iitm* the. small eylinder J, wliilt* 
tin* partially Kp(*ut sbsim in tlie 
otln‘r (*nd of tin* same eylinder 
pas.si's throu^di />’** intu /i, and 
tile- more fully exliau.sUsl stisun in tlu^ tippi'r end of // j>assi‘H out 
through .At the upper (‘ud of tin* stroke of tin*, pistons I* and P% 
f iy\ and automatically (do.se, whih^ /->\ a*^d simultaiu'ously 
op('U and thus revt‘r.S(‘ tin* dlreetiou of motion of both jiistons, 'rbese 
pistons an* attacdied to tin* sann* .shaft. 



249. Efficiency of a steam engine. Wn liavn siuni Muit it is 
possildu Id transform oom|d(dtdy a pfivnn amoniit of numhani- 
(‘,al miorgy into Imat energy. I'his is donn wlumnvm* a movin|j^ 
body is bronpflit to n*st by moans of a friotioual rnsistanun. 
Hut ilio invorst^ o|)i*raiion, mimcly, that of transforming^ boat 
(iuorgy into mmduudi'al (‘.iu*rgy, dilTcrs in this rnspnc.b that it 
is only a oomparalivtdy small fniotioii of thn limit dovidopud 
by (lombustiou which can he iransformod into work. Kor it is 
not dinicuU. to sc'c that in evtuy steam en|j^ine at least a part 
of tlui heat must of rnuu^Hsity pass over with the exhaust stcuim 
into the eomhmser or out into tlie atmosphere. I’liis loss is so 
great that even in an ideal engine iiot more than about 
of the heat of eombustiou (iould lui transformtul into work. In 
praetiee the very lu^st eondeiiHing engim^^ of the (piadruple*- 
expansion tyim iiunsform into uau'lianieal work not more than 
17% of the heat of eombustion. OrcUmiry locomutives utilize 
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at most not mom tluiu Thf ,i l„,it u 

defuml (IK the T(t(w hrlti'irit the /it -if nfih':, /. - r -/ into 

warJc, and the total laat i\vjitiitlttl. ‘riu* ftii. ii in \ tin- Rest 
steam (!n^i|U‘S is ai>oni ot to,, i»t th.ii t»! ,ui itlt^ai 

heat oii^nuc, wlulo that of liio itnlioun lofoiooiivf i-. ..nh almnt 
or of tlif i'lcal limit. 

'*’250. The principle of the gas engim*. Wiiltiit ihf last 
docado g!us oiigiims have iK-goui to n-|'la> i- -.if.im i-rn'ini-s in a 
very great extent, espeeially for MitaU'i'oWfr '!‘lu.se 

engines am driven liy i>ro[ierly timeil cvidosions of a mixture 
of gas and air iteenrring within 
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tlio (^ylintl(n\ 

Fi^. 189 in a diiignun 
traiing ilui four iiiln 

which il is (!ouviuiit*ii( to tlivuh* 
the coinpl(‘.l(^ {»ych^ of o|H*r- 
ations whitli ^(u*h on within 
such an cnjj;int^. Suppose that 
tho Iieavy llywhiudH //* have 
already been md in nu»Uon. As 
the piston;^ inovt‘H to tho right 
ill the livsb stroke (sei' /) the 
valve Ji? opens and an explosive 
mixture of gas and air is drawn 
into the cylinder thnnigh A\ 

As tho piston returns to (he left Cnee ;«*i %a!ve A rluHoH, luid 
the mixture of gfis and air is eoiupriwrd lalu a jipiice 

in tho left end of the (cylinder. An eleetiie Hpaik ignites ihn 
explosive mixture, and tlm h»iTe of the e\|#!*mii»it ihives the 
piston violently to the vigdil At itte U-ginnitig t*f 

the rotiini stroke (see 4 ) the exhmiHi viihe lutd 

as the piston moves to the hdh the giweiets pnsluets of 
the explosion are foreed out of the Ha? tnitW 

condition is thus restored and the eyelii over agmim 
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it is only ■(liiriuj^r Mu. tliird ntroko that tlio tm^due is 
oncrjj^y Iroin tlu*. (*X[)lo(liii{^ ^'as, tlu^ (lywhool is 
always math* vtny lu‘avy so that, tlu^ on(‘r«^y siortal up in it in 
tlu^ third sirokt^ may k(‘(‘p th(‘ luachim', runniu|j^ with littU^ loss 
of spoi‘d durinuf tlu‘ otlior (hroo parls of l-lu‘. {*y(dt*. 

251. Mechaniam of the gm engine. 'rin‘ incfluinism by whioli the 

ai>t>v** un* ctirrh'*! (»iil. hi <m<* tv)K‘ c»f luodt'ru ^’jis t'li^’iae 

iiiav hr srtMi l’n»m a .st udy c»|’ IIK) and till. t'ln'. li)l is ascsd-iuii i>f tlie 



Kill. UK), d’luj gas tui^liiu 

left (Mid of the enghie nhowu ia |K*rHiMU!Uvi^ in Kig. 11)0. that tin* 

tlywIo'cdH IF are tlrst net in imd-iou by hand. WUuui the. <uuii, or iHuauitric. 
(Kig. 100), driven the rod It to the left, it o|ie,nM a valves hi /''tlirough whiidi 
gtiH paHHea frum the inlet pipe A into tla^ tnixingelianiber / (Figs, 100 and 
101). Here it tnixen witli air whicdi entenal thrcjugh thi»pip<‘ //. Ah noon 
HH th(^ earn r’jj liHH moved about to t.lu^ positiou in whieh it thrown the le.vt*r 
anii/^to tile left, thiu'ud ft\ in foreiul upward and the inlet valve A’ (Fig, 101) 
in therefore opimed. Thin happeiiH at the^ bf'ginuiug of ntagt^ / (§ 250) 
wluui the pi«ton K In beginning to move to tlu^ right, Hmiee the ex]>lo- 
Blve mixture in at uucu drawn into f '(Kig. 101). At the beginning of Htage 
No. 3 a third ©ccentrlo rod N operated by an eceentric a. (Fig. 190) breaks 
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an electrics contacl at i UUk uu 4 tsui . ir>.Uu;~. ,, uiiu-h t'x- 

plodoH tlu* gas. At tlif ‘ f-t.?' « , -u ^ tUv K-vt^r 

arm /a (Fig. UH)) to Urn IvU.nndthiv^ 
wibhtlm aid of r;, (Figs-lUli aud lUl i 
opens ilio ejchaust valv(' ( Idg. is^h 
and thus permits lht< spent gas»*H i“ 

Gfioapo. This completes the eyelr. 

Since (‘acdi of tln‘ fonr eunis* e., 

Cgj c^t nmsfcop(*n its valve onee in tu»» 
revoliitiouH <d the (lyvvheeh all ieiir 
of these cams are placet! ntd on the 
main shaft //, hut on tin* a\le oi the 
gear wheel ilf,*®whU‘U has twlee 
many teeth as has the gear wheel 
on tlie main shaft, d/ therefore r« 

Yolves Init once while tlu' titain shait 
is revolving twice. In ortler that the « 

cylinder may lu^ kept eotil, it is ?tnr 

rounded by a jacket f/thri»ugh which %vat«n* i-ikrpi « 

The cfRcieucy «>f the gas engine i * *4U'n iv^ I 
double that of tin* ht*Ht steam engine?^, 
smoke, in very c(nupaet, aud may 
be started at a inoment*^ m*tice, 

On tlio other Inuul, the fuel, gas 
or gasoline, is tnuuparal ively ex 
pensive. McjhI automohiles are 
run hygasfdine engines, ehii'flv 
because the Ughln(*HHid tlie en 
ginc and of the fuel to be ear’ 
ri(3d are liere ctiuHith'riUiuns uf 
great importanct*. 

It has been the ileveloprneitt 
of the light and eflirient gan en 
giiie ■which has math' itoHHiihle 
man's recent cumptest ttf tlie air 
through the use of tlm aeroplaue 
and airship. 

252. The steam turbine. 11m 

steam turbine represents the 4evr!«»pinrji|. of ihe hmi engine. In 
principle it Is very ?nuah like the iuimmen windmill, the rlurf difference 
being that it is sUmm inittisd of air which in ilriven at ii hi|jh vrliM?lty 


Sj‘ifn fiid Ilf 

:4.-6 

sUuuui.!!'^ '-nctihiiing. 

,:U srs or nearly 

l**nrth«'*riitoi e, ji i'l fr^e from 
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a,i;'aui.si. a wrii’s of Mados wliirh an* umin/^od radially about tin* cir- 
cuiufcnuu'o i»f 1.1 h> ^vlH•ol whidi is to b(‘ sot into votatioiu Tlu‘ stoam, 
liowt‘vor, unliko tlu* wind, is always (lirt'id.od by iiozzU^s at. angloi of 
^•!vat(*st ollioituit'y u^^aiiist tlio blades (see FIjl-’. 1112), Furtliermons since 
the eiKM’ny of Mu' sti-am is lud, nearly spent after it lias jiasst'd throii^di 
oiu' set of blades, sindi as that shown in Fig- lh2, it is in practice always 
jiassed thnniKp wlnde. series of sneh sets ( Fig-. !{);{), every aibn-iiate 

Kxhaust 


Revolving 


Stationary 


R(Wt)lving 


Nozzlti 


Fin. IDIl. Path of Httnun In (Jui^Uh’h turbine 

row of which i« rigidly attaclied to the rotating shaft, wdiile tlu^ iribw- 
iuc‘diat«^ rows are fasUMUMl tt» tlie iinniovabh^ oufctw jacki't of the. enguus 
and only Hinwc^ as guide's to redirect the steam at tln^ most favorable^ 
anghi against thee ru'xt row' of riiovabhe blades, fn this way tlie steuim !h 
kept alternately btmnding from llxed Uj movables blades till its tmergy is 
i'X|>endeeb d'ht* number of nivvs of bhuh's is often as high as six teem, 
'rurbines are at pnssent coming mpidly into tises chiedly for large- 
power jiurptmeH. Tlu‘Ir advantagt's ovc*r Mu* ns'iprocaUng steam engine 
]ie first in the faet that tlmy run with almost nt) jarring, and Iherefort) 
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TRiuiiv, lifrHUT ami 1«‘HH fuumlatiMU^; Mui uiWm 

(‘aol. Uiat. Uu‘y (urupy l»’ss (liait i»nt‘ truth tlir^ thn.r ^purr m| Mnlinury 
(‘ii^iiu'S of t.lio same <‘uparUy. 'Khrir rihririir> U tullv us hii:h an that 
of i<\w. lu'.st, rcciprorutiniJ!: rn^unirs. 'i‘hr hirjir-a r>pr,nK uHalunl hy vi-h* 
s{‘1h at sou, uainrly alM.itl It) uiilrM jM‘r \u>nr, U-nr hr»-ti otarlr with thr 
aid of shauu turliim‘H. 'I’hr laiyrs! vr .srl u hi«-fi fia * fhsr. tar r\rr lu.tai 
latiiudiod, Uh' llaniluirg-Anirrirmi siraturr t)|'t i, v{ ii.inf, t)H 

ftM't wi<lr, 100 fool, hi^di (from thr krrl tu thr t.*p Mt hrr liintli drrk), 
haviiiiL^ a hdal ’Misplaromrnt. “ of TthOtat t«>tr4 afr! a id kiiolH, 

is (lriv(Mi l>y foui*Htc*am ttirldutrs havinu a total hoj>^r p.iw'rr of T2,IHU). 
{)m^ of t.lu> iniiat’ust^ roUn*H iMUitaias othtHitt IdaOrn an*! dovrlop^ *JiJ,t)(iO 
horso power. 

263, The liquid-air machlae. Itt the arttial fiiamnartjur of li»piicl 

air a ]>vt‘ss\tre pump lOll Ihr au tufo n npiial roil f‘ 

under ti [iressiUH* of a)»out ‘JttO atinoHphrirH. ’t'ht" hral proihiml i»y ihis 
oompiMwinti is inirried olT l>y rumun^ wiitrr wlurU rimtlai**^ lluou^h 
the tank U, The eoek r is llirtt 
o|ie.iied ami the air i‘XpaudH from 
200 atniospluu’eH down to I 
phere. In this (‘XpiinHion U)e trju 
)u‘raluro falls, d'liis roohnl air 
returns through a larg‘‘r spiral 
whicdi imdoHUH the high proMHurr 
spiral .f, and thus eotds idT the air 
which is coming down to tin* ex 
jiansion valves through the inner 
spiral. In this prneess iht^ tern 
Ijcrature of the air insuitig from 
the valve e continuously falls uu'- 
til it reaches the. tempc'rHtnre tif 
liquefaction. Litpiid air can then 
he drawn off tlircmgh the sto|nMtek tL ‘rio* air mhe'ln liipie^ 

faction returus to tlvi^ m u tv p refill »r, where ii ugatn C«uer4 rniu the 
inner Hfural h, together witli a eerlaiu umouni id air wlijrli eniet ^ from 
the outside, at e, 

264. Hauufacturid ice, hi the great tnaj«*rity of upM*n-u n.‘e plants 
the low temperature re(| Hired for the nmnufaeinie «d ih*^ ire pfr4 need 
by the rapid eva|mraUori td liquhl amnumla. At or«l 4 tu*fy {«^fnj^’*r»turt*ii 
amnumia is a gas» but it may lie liqn«die4 by prK“^^«*8ise ab»«et, ,\t F, 
a pressure of lAn {loumls js*r srptare hirh* «»r abseil lb 

required to produce its liquefaction. Ftg. 1 114 the iwii 
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of an ice plant. The compressor, which is usually run by a steam engine, 
forces the gaseous ammonia under a pressure of 155 pounds into the con- 
denser coils shown on the right, and there liquefies it. The heat of con- 
densation of the ammonia is carried off by the running water which 
constantly circulates about the condenser coils. From the condenser 
the liquid ammonia is allowed to pass very slowly through the regulat- 
ing valve V into the coils of the evaporator, from which the evaporated 
ammonia is pumped out so rapidly that the pressure within the coils 
does not rise above 34 pounds. It will be noted from the hgure that 
the same pump whinh is there labeled the compressor exhausts the 


Xotp' Pressure MghJPressiire 

Gauge Gauge 



Fig. 195. Compression system of ice manufacture 


ammonia from the evaporating coils and compresses it in the condensing 
coils ; for, just as in Fig. 194, the valves are so arranged that the pump 
acts as an exhaust pump on one side and as a compression inunp on tlie 
other. The I'apid evaporation of the liquid ammonia under the reduc<‘(l 
pressure existing within the evaporator cools these coils to a temperature 
of about 5° F. for every gram which evaporates. The brine with which 
these coils are surrounded has its temperature thus reduced to about 
or 18° F. This brine is made to circulate about the cans containing 
the water to be frozen. 

255. Cold storage. The artificial cooling of factories and cold-storage 
rooms is accomplished in a manner exactly similar to that employed 
in the manufacture of ice. The brine is cooled exactly as described 
above, and is then pumped through coils placed in the rooms to Vie 
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cookuL III Home .syst<‘ms fiu'lMUi lUusiik* l i iu nf ;uumi>uia^ 

but Uu^ [U'iiU’ipb' i.'i in n“ ^':tv ullriiMk S»*!u» t iiuf hm, tht* immiu* Ih 
difipousf'il with, tiiul tin* uiruf llu* rnnin itu !»»• fMoh**! i « Pv nuMius 

of fans ilin*c,My nvfU* till’ t’okl nnU i'HUtaijuii'; tiit* tn .ipMi.il in;.; ainuimiia 
or carbon dioxide. II. is in Ibis way ihut fhoai^Ti .md InUri ^ aro <*oolmL 


QUESTIONS AND PHOHLEMS 

1. Wliy is nob Un* boiling ludnt ul' iu tin* boiler i»f a Mteaui 

engiuo lOtb’ (h V 

2. n tlu^ avi«rag<' presnun' hi lh«' ryliinler of a a^'ani tnupne i?j K) 

kilos to the HipiariuuMitiineter, atul the Hr»*u of the pin^ui is PJf N.ptuu., 
liuw much w'ork is done by tin* piston in a sif lefu^th du enuV 

How many calories did tin* sh'nm h»He in ilas t»peratis*ij '/ 

3, The tohil i*irudency of a eertatn tklO II. P. iMeMnnUivs* ii tl"' ; HOOO 
caloru^H of heat are. prothu’esl by the bmning I g. of the brvd an- 
thracito coal; lum^ many kilos of ,nneh enal are eon auned per hour 
by tlu8 engine V ('l’ak<' I ILP. Tld watts ,ui*l I eatoiie per seeuuil 
4.2 watts.) 

4, It rcquiri's a force of dOO kilos (o driven, vp^en b<iat ni a ispeed of 
10 knots (25 km.). Ibsw much eoal will be re.pitirtt Oi tun fiut b«»at at 
this Bp(*t*d across a lake ilOO km. wi«le, tin* eihen*uev of iheeUipneH being 
7 % and llii^ coal being of a gnnl«‘ to fund di f»ono r.ihu ir i pn gnini? 

6. What total pushing bus'e ilo lie* po»j.i ||ri'i mI iite* /.fi-of.mei e:*^t'rt 
when she is using ln*r imuiiiHim pMU« r i/o,uuuj iutd r. ninning 

at 25 knots (-Uhl km.) per liour? 

6. The best trlpleH*xpanHi«»n marine rni^inr'i eun etme p.* U», eoal 
per hour per ILP., or d)l kg, p»^r imUeiUeii kikeaan r>rM i:ur\. pritn 
** Steam EngimR*). If the eoal fnrrii*<liet^ tltion ealMiie j prj ^.^raind wlmi 
is the eniciene y ? 

7, If liquid air i.s plueeil in iiu oprn ii s t^unpiualure w ill not 

rise above -- 182 ' (h Wliy not ? Snggr^d a way iu whieh jt^i t*'m|H^rature 
could be madt* to risi* almve \Kl* I’ , and a wav in win* h it emild be 
made to, fall btdow that teinperalnre. 

8, The averagt* lucmmdive has an ellkdrio v of abMiit d What 
horse juiwer does it di‘Velop when it roiraiuuiu; t ton td rmU |hw 
hour? (See Prubletn ti, aluive.) 

9. What pull tioes a UUk) IbP. loroimdive ex«^rt when it tfi tunning 
at 26 miles pr hour and exerting it^ full hom» |*tmw / 
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CU)Ni)U(rri<>N 

256. Conduction in solids, (f oik* (*ik1 of a »slu)rl) motal bar be 
lK‘ltl hi ilio. (in*, Uio other eHil hoou boeoiiu^H too hot to hold. Hut if the 
metal rod in n‘|)hieod by one of wood or the <uid away from the 

llame will not bt* api»r(‘eiably hi'ated. 

'riiiH (‘xpinMiiKUit and othorn like it sliow tliat noumotallie 
Hubstanoes juissi'ss a niiieli mnallia* ability to conduct lioat than 
do UHdallic^ HubHlances. Hut altlicm^di 
all nudals art* ijfood condutd-orH as tuan*- 
[larcd with iionuKdal.s, tlu?y diner widely 
among tluuuHtdveM in tludr e.oudueting 

pOWtU’H, 

b(‘t eopper, Iroiu and (ierman Hilv4‘r wires 
no em. loiif^ and alunit iJ nun. in diairndcr Ik^ 
twisteil to|e*tln*r at one end as in Ki^*;, llHl, 
and h’t a HmiHen (lann* be ajiplied to the 
twisteil en<ls. lK*t a inateh Ikd hTuI slowly 
fronftht^ t‘ool (Old of tnieh wire toward the hot luid, until the heat from 
the wire igniU‘H it. 'I'lie copper will he found to he the bi*st eondue.tor 
and tin* (lerman hIIvim* tln^ poorest. 

In tb(^ following lablt* Home e.oimnon HubstancoH arc arranged 
in the order td’ lludr lieat eondnetiviticH. The ineaHurciiuuitH 
hava btu‘ii made by a nu'tliod not difftiring in iiriiuuplc from 
that juHt (lema’ibtub I'or etmvtmiencc, Hilvcr in taken as l OO. 


Kllvnr . 

, 100 

Tin .... 

. IT) 

Meretiry , . 

. 1.80 

(Jopper . 

. 74 

Iron .... 

. 12 

le.e .... 

. .21 

(fold 


la*ad .... 

. S.5 

(ilasH . . . 

. .O-'IO 

brass 

. *i7 

(lerman sUver . 

. 0.3 

Hanl rubber . 

. .024 


11)7 
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257. Conduction in liquids and gases. Lf(t a small piece of ice 
be held by means of a glass rod in the bottom of a test tube full of 
ice water. Let the upper part of 
the tube be heated with a Bunsen 
burner as in Fig. 197. The upper 
part of the water may be boiled for 
some time without melting the ice. 

Water is evidently", then, a very poor 
conductor of heat. The same thing 
may be shown more strikingly as 
follows : The bulb of an air ther- 
mometer is placed only a few milli- 
meters beneath the surface of water 
contained in a large funnel arranged 
as in Fig. 198. If, now, a spoonful of 
ether is poured on the water and set on fire, the index of the air ther- 
mometer will show scarcely any change, in spite of the fact that the air 
thermometer is a very sensitive indicator of changes in temperature. 

Careful ineasuroineuhs of tlie conduetivity 
of water show that it is only about 



that of silver. The conductivity of gases is 
even smaller, not amounting on the average 
to more than that of water. 

A D 

258. Conductivity and sensation. It is a 

fact of common observation that on a cold 
day in winter a piece of metal feels mucli 
colder to the hand than a piece of wood, 
notwithstanding the fact that the temper- 
ature of the wood must be the same as 
that of the metal. On the other hand, 
if the same two bodies had been lying in 
the hot sun in midsummer, tlie wood might 
be handled without discomfort, but the 
metal would be uncomfortably liot. The explanation of 
these phenomena is found in the fact tliat tlie iron, being 
a much better conductor than the wood, removes heat from 



Fig. ]08. Burning 
other on the water 
(loos not affeet the 
air thermometer 
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the hand much more rapidly in winter, and imparts heat to the 
hand much more rapidly in summer, than does the wood. In 
general, the better a conductor the hotter it will feel to a 
hand colder than itself, and the colder to a hand hotter than 
itself. Thus in a cold room oilcloth, a fairly good conductor, 
feels much colder to the touch than a carpet, a comparatively 
poor conductor. For the same reason linen clothing feels 
cooler to the touch in whiter than woolen goods. 

259. The role of air in nonconductors. Feathers, fur, felt, 
etc., make very warm coverings, because they are very poor 
conductors of heat and thus prevent the escape of heat from 
the body. Their poor conductivity is due in large measure to 
the fact that they are full of minute spaces containing air, and 
gases are the best nonconductors of heat. It is for this reason 
that freshly fallen snow is such an efficient protection to vege- 
tation. Farmers always fear for their fruit trees and vines 
when there is a severe cold snap in winter, unless there is a 
coating of snow on the ground to prevent a deep freezing. 

260. The Davy safety lamp. Let a juece of wire gauze he held 
above an open gas jet, and a match aj^plied above the gauze. The flame 
will be found to burn above the gauze 
as ill Fig. 199, (1), but it will not 
pass through to the lower side. If 
it is ignited below the gauze, the 
flame will not pass through to the 
upper side but will burn as shown 
in Fig. 200, (2). 

The explanation is found in ^ fl^me will not pass 

the fact that the gauze conducts 

the heat away from the flame so rapidly that the gas on the 
other side is not raised to the temperature of ignition. Safety 
* lamps used by miners are completely incased in gauze, so that 
if the mine is full of inflammable gases, they are not ignited 
by the lamp outside of the gauze. 
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QUESTIONS AND PROBtEMS 

1 . Wliy is ihi'. (UiUn* juiil i»f an firr/rM’ uuul** uf wonrl 

and ilu^ iinuT oau i>f t-liin iiiftal ^ 

2- Wliy do liriMin'ii w^ar ilanu*-! siiittH m auiuiu^r fui»| and 

in winttM’ to koi'p warm V 

3. Why do wo wrap up ioo i’l'tntm iii Hark ut»dru Idaukrin in hiuiu 

nun* tu kiu‘p it frtjm nudlinjtj;? 

4. If icoin a rofri^oraltu’ is wrappifd up in hhuikrt », whnt h tU^ i^IToft 
on i'lu‘. ita*? on tho ndri^uwatnr V 

5. If a af papor is wrap|H‘d ti|,dd!v arunud a mrlid tihI an«l 

hold for an instant iu a Uuns(*n Ihums it \u!l omI \*v ..’Mi.diril. If htdd 
in a Ilanu’ wlum wrapped arntiml a wnndt-u n«d, it \n* .Ht'undn'd at 
oner. ICxplaln. 

6. If oiu‘ tou{du‘H tin* pan rantaiiiin^^ a hutf *4 Dn-ad in a hut uvtni, 
ho rootdvoH a nnudi iiuu*<* Hovor»* hum tinin it hr tunrh* * lh»' hirad itmdf^ 
alfcho\ijJ!;h tho twi> art' at thr samr triupnaiuir. Kxphtun 

7. Why art*, plants uflon ouvrrrd with paprr un a niidtt wlirn fnmt 
ia oxpootesl V 

8. Wliy will a nudstrnotl fini^rr «»t' thr tun^ur iirdiMitiy tu a 

jiioco of irtju on a ot>hl wintrrV day, hut nut t*» n pu rr mC ? 

9. l)o(^H cltdhinfC ovt'r afFurd us hrat in wintrs / Umw, th*m, dm^s it 
keep UH warm V 


f h)NVKtTD»N 

26L Convection in liquids^ AlllnuHih tin* |Hiwt*r 

of li(jui(lK is HO HHutll, an was shown in fhr r\ju‘i itnriti of § 257, 
they aro yut ahh*, iiiulor c’t'tiaiii rirrttit»?%iaHft*fh to tmtiHiuit 
heat tnuc.h more t'lTtudJvt'ly tliau mdiilK. I'lnt n if tho ire iti tho 
experiment of 197 hm! hnni {daeml at I ho tup imrl the 
flame at tlu^ bottom, tlu* in* woiihl liave brru molttul vei*y 
(jiiiclcly. ThiHHliowH that heat k iiaitsferrrjl with miurmoiiHly 
greater readinoHH friim the bottom c»f tin- tiihr lowiud the top 
than from the Uip towanl the iHitUsin. ’Tlio morhauism of 
this lieat trausfen»tin» will \m evident from the folhmdng 
‘experiment: 

Let a rmmddKitfcornnl iUnk ttooi ludf flllrtf wilh wat*ir and 
a few erystalH of magtmi4t clri»pj«*d inh^ it, Utm Iri t hr l^uUmn of the 
flask bo heated with a Bniiwa buriirr. q*hr inii||riinj will thofiuit 
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Uial trho hiMii ii]> luinu'ul.s the (lirtM^Uou of which ih upward in the 
t(*L''ioii iiniuediately above the. ilaiiu'. hut downward al; tlu‘ .sid(i9 of 
tlu' V('.ssi‘L It. will not. b(s long' btd’ore th(‘ \vhol(‘. of 
tin*, water is unifonnly e<)|ori‘d. 'Phis shows how 
thorough is the mixing aee.omplislnnl by tin', In'atiug. 

(‘,X}daual.ioii oT tln^ [^In'uoinmioii is as 
follow's: 'I'lu*. \val.or m‘an‘st tlu*. llanu*, luu'.aiiu*. 
hmitinl and i'.xpaH(h‘<l. It was Unis nnnUu’tul 
less (lonsi*. tliaii Uio surrmiuding^ water, and 
was ilunHd'on*. forc.ed to tlu*. top by the pn^s- 
sun^ transmitU'd from tlu‘, e.older and there- 
fore denser water at the sides whiidi tiieu 
(tame in to take its place. 

It is obvious Unit this uud.hod of heat trans- 
fer is applitnihle only to lluids, ^riiu essential 
dilTerene.e hetwetni it and e.onduetiou is that 
tlu^ heat is nt»t transfia’r(‘d from moleeule to luoleenlo through- 
out Uu‘. wliole. mass, hut is rather transfiuTod by the bodily 
movimuml. of eomparatividy larger massifs of the heated lupiid 
from out*, point to another. This method of heat transforeuee 
is known as cmuuuiiorL 

262 . Winds and ocean currents. Winds are (umveetiou eur- 
reuts in Uie atmosplunH*. (*aused by unequal heating of the 
earth by tlu^ sun. lit't us e.onsider, for (‘.xample, tlio laud and 
s(ui brei‘7, uH so familiar to all dwelku’s near the ({oasts of largo 
bodies of waiter. During the daytime tlie laud is heated 
mon^ rapidly than the se.a, bt‘,eaiise the spe.eilie. htuit of water is 
mueh greaUd’ than that of earth. Hene.u the hot air over the 
land expands and is fortuid up by the colder and denser air 
oviu* the H(‘a wldudi moves in to take its place. This constitutes 
the sea hvw/A^ whieli lilows during tlio daytime, usually reach- 
ing its maximum strength in the late afternoon, At night tlur 
earth (‘.ools more rapidly tluui the sea and liencui the diroedion 
of the wind is reversed. I'he effect of those broozos is seldom 
folt more than tweuty-fiva miles from shore. 
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the sea and i)arUy hy tlu* duvrlimi nf ilu* {uvMiirmM^ wiihIs. 
In gmuunil botli winds and i-urnnils are sn m.ulitird h\ {\u> 
liguraliun of the coiiliinails that it is <ml\ n\rr hmad i*\iuuiHes 
of tlm nctnin that the dinn'tiiai of either ean l^e predifird fniju 


siinple tuausidenilions. 


UAinATloN 

263- A third method of heat traoaference* ddiere are einiain 
pheuuniemi in eoniuH'tinn with tla* transter «d heat Inr whieh 
conduotion and eonvi'etinii art' wladly utialtle t»i aeeunnt, Knr 
example, if nne sits in frtjnt (»r a Ina grate tire, ilu* heat whirh 
he fools eannot etaue frnin the' tin* hy etJtivt't'tinu, iuM-aust* (lu* 
ourrenis of air are nu»ving tt»wurtl tlie lire rather than away 
from it. It cannot lu* dm* tu tnauhiethai, ht'eanse the etan 
duotivity of air is tnxtnmudy small iiint the ndder eiurtmts t»F 
air moving toward I lit' lirt' wtmltl ninn* than nentrtdi/i' any 
traJisIVr outward dne to eouduelieu. I'liete irntni llierettar he 
.some, way in which heat travtds aemsn the inters runig spaet* 
other than hy conduction or t'ciiiveetiom 

It is still mort^ cvith'iit that thme inu.'4 he a third melhml 
of heat transftir \vh(*n \vv etainitler the heat w liirh t'lmies to 
us from the sum (hmduclion ami ermveelion laki’ {daee otdy 
througli the Hgmu'y of nmfter; hut \ve Iuimw that the 
between tla^ (Uirlh mid the sun is imt filled with t»rdnmrv mat- 
ter, or else the (Wth would })c retarded in ii?^ niMiitin thmugli 
Hpaeo. Ilmliutitin is the name giu»n In this third nirtlafd hv 
whieh luuit travels from one plaee tn iinnfher» and uhic'h is 
illustrated in tlu* passing of heat tnmi ii grate fire te a Issly 
in front of it, or from tlu» sun to the earth. 

264, The nature of radiation. *rhe miture of ladiutinn will 
be diHcniHHcd more fully in ("hapter XXL If will rntfli- ‘ 
eiont here to call attention to (he follow ing ditlerenee?^ In^iween 
conduetioii, eanveetiun, and nidiaiion. 
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First, while conducticn and convection are comparatively 
slow processes, the transfer of heat by radiation takes place 
with the enormous speed with which light travels, narnely 
186,000 miles per second. That the two speeds are the same 
is evident from the fact that at the time of an eclipse of the 
sun the shutting off of heat from the earth is observed to take 
place at the same time as the shutting off of light. 

Second, radiant heat travels in straight lines, while conducted 
or convected heat may follow the most circuitous routes. The 
proof of this statement is found in the familiar fact that ra- 
diation may be cut off by means of a screen placed directly 
between a source and the body to be protected. 

Third, radiant heat may pass through a medium without 
heating it. This is shown by the fact that the upper regions 
ol‘ the atmosphere are very (iold, even in the hottest days in 
summer, or that a hothouse may be much warmer than the 
glass through which the sun’s rays enter it. 

The Heathsg and Ventilating of Bctildings 

265. The principle of ventilation. 

heating and ventilating of buildings 
accomplished chiefly through the age 
of convection. 

To illustrate the principle of ventilation, let a candle 
be lighted and placed in a vessel containing a layer of 
water (Fig. 201). When a lamp chimney is placed over 
the candle so that the bottom of the chimney is under 
the water, tlie flame will slowly die down and will 
finally be extinguished. This is because the oxygen, 
which is essential to combustion, is gradually used up 
and no fresh supply is possible with the arrangement 
described. If the chimney is raised even a very little 
above the water, the dying flame will at once brighten. 201. Con • 

Why? If a metal or cardboard partition is inserted vection currents 
in the chimney, as in Fig. 201, the flame will burn in air 



r 

r 

.L 


i'n(. 21 


Mul tho frcHh 1 
cracks about tli 

267. Hot-^lr he 
duct ciufflit always 
tlio niaiiticr sliuw 




HlCATINXi AND VENTILATING 


205 


x 

2\) Sewer 


Overflow Pipe 
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from out of <loor,s is lu*jit(*(l hy passlui;- in a oinuiitous way, as shown 
hy tlu‘. arrows, oviu* tlu‘ oulm* jac.kct of iron which covers the fire box. 
It is then di'livm'ed to i.ln^ rooms. Ilm’i' a jiart of it cscap(‘s through 
w , windows ami doors, and tin*. r(‘st returns through the 

!|. eold-air register to he ridieateil, after Ixdng mixml 

witli a fri‘sh supply from out of doors, 

W i h(* mnirsi* of tin* air wlueh r<‘(‘ds tin*, lire is shown 

hy tin* dott(‘d arrows. Wlu'u tin*, liri*. is first started, 
I } hi ord(‘r to gain a strong draft th<^ danqxn* C is 

op<*ued so that the smoke, may ])ass dirc'ctly up tlie. 

I ehimiu'y. After tin* lir<*. is un(l(*r way tlu^ dampin* (■ 

jtil in closed so that (.lie snioki* ami hot gase.s from the 

II ^ furmuM* must pass, as ill- i ^ 

hieated hy tln^ arrows, 

jf ovi*r a roiimlahout i»ath, [ low Pipe 

*' ^ in tin* eoursi^ of whiiih *1 

I<i(K2(tl. Ih*im*l- th»‘V givi^ up tluMiiajor jy o Jli"*! 1*1 

t"" ,«.e,t u„.i, I |A„ f |, j|a 

ng J walls of tln^ :;^L^ 

jaeki't, whieh in l.urn puss it on to tin* air t 
whieh is on it.s way to tln^ living rooms, flllfil'iWF 

268. Hot“Water heating, 'fo il- ifift 

lustrate tlu* priueipli*. of iiobwater 
ln‘ating let the arrangement sliown 

ill Fig. tiOd ht^ net up! the upper ■ t i 

Vt*sHel hiding lilhul with eolori’d ^ Jj 

wati*r, ami th(‘U let a llanie he Mlttlliilf 

applii‘tl to tln^ lower vi'SHel, 'file f T. If * 

colored watt*r will show that the 
(uirri^nl laovc^n m Mia iluvaUou of XnM 
the arroWH. j| 

'riieaetual arrangmuentof hoih'r Vo ^ 

and radiaUu’M in otie system of hot* ^ CUmnetf 

water heating is shown in Fig. *J()-l. I 

'fhe water ht*ated in tlie furnace rji-: ! HM ^ ^ ^ 

rises directly tlirougli tin* pi) u* .,4 to 
a mdiator //, ami rtdmriia again to 
Un^ hotbun of tln^ furnace through 

,1 , . , *, . V Inn. 204. Ilot-waUu’ hoator 

the japes Jl and !>, 1 Jie circula- 
tion is maintaintul hecaime the column of water in /I is hotter and 
therefore lighb^r than the water in the return pipe B. 
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In tlu* numl ronunou .NV.sfi»nj i*i h»4 war* r 
so-called (lini't-radittiitm j aMU 

ventilation. 'Flu' tierupiuit!^ tb' 

)n*iul eutiredy on ujH'ii fui 

supply of fresh air. (n th** 'nM-alird 
HyMvuu slnovn in Fti> ;*ol, 
fresh air is ininulueed thmu^h the radi 
iitor itself. 7'he ind'u’ti't s\^(etu ^ 

from this »)uly in tlnit sleuin m hei 
water coils, insieiitl of heini*; in the loHiir., 
arc siispendeel from tlic eeilini^ of ih»' 
hasuiueut in woiultm boxes 2tt.M 

Tim arrows imlicatt' tiu' direetion '^taeh 
the air curnmis take as they pa^^ I'mfo tmi 
of doors, thron^di the heatim* and 

(imilly throngh the regiNler into t ht^ H n »|||| , 


w hat* 


heiif iug, th 


nsHtle fti 
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QVEBTWflB ANP PUmilUm^i 

1 . If 2 iii(d.ri<‘ t<ms t,i rtuil ho* huisi**! |- s so*. urn 

and If your furimee allowi ons- iloid ih.« g,.* .. 

iiey, how many eahnneH »hf voit sen* pn ,|,i^ 7 ^ f r I 
(loot) cak>ric's.) 

2 . Kxphun the umlerlyin,|,t piineipir.^ ,4' ilu- 

3. Wl)y Is a hollow wall filled wdh ■’uiwdir-.f 4 

of Imat than the same wall tilFd wah asr » 

4. In asyslem ofhot^water hratif^: win- dM*.^ «h*. ,*.1511 jj p$s.e alwavi 

wSrth.tjv’ 

5. VVlibli Ih Uimiitilly iutir.< it nw.k ..i a timU< '! Wbyl 

6 . Wh«n B k l.y u « iu. !, ..* th- 

of heat transferenee [slays the nueU ifd*. 

f r u' ‘ *“'• «»•'.« ill .»¥»h.|i)(i 

of direct aud of uuhreet mdiiitism? 

fan vinS T J'"'*,'’*”'*’.'"' t- ««<■« «!>«.. ,u *lll.l„r Bttll 

ran yourself for tuHsIm^w m ssnniuer? 

1 ! ^.‘1 ^'11' “ “a*” a«'i « <■>•3.1 >•...!«, Ill »|i 8 t 

dS Lpiaia/'* " ***“ *’ “* ^ 
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MAGNETISM * 

Pko[>ioutiks ok jMA(;Ni<yrs 

269. Magnets. 1 1 Iuih Ihhmi known for many (HUiiurU'.s tliai 
somo Hptu’.iuu'ns uT l\n\ on^ known as magimtiti^. ( liavn 
Iho pnipnrly tif aUmt'tiuj^ Hinall bits' of iron and stank This 
oro probably rtuHUVod its uanu^ from thn ra(‘.t that it is espe- 
cially abuiidaut in the proviinu^ of Magnesia, in Thessaly, 
although till'. Lat in writer IMinysays that the word magnet ’’’ 
is derived from tlu^. iuinu‘. of the. (}re<dc sh(‘.plund Magnes, who, 
on tlu‘ top of Mount. Ida, obstuwed th(‘. attraction of a large 
stolen for his iron erook. Pie.e.es of this on^ wbiidi exhibit this 
attraet.ivi^ as natural nuuinelH. 

It was also known to th(^ aueicmts tliat artiludal magnets 
may In*, made l)y stroking piiutes of steel with natural magnets, 
but it was not until about the twelfth e,entury that the dis- 
eoV(*ry was mad(^ that a HifHpendvd nia(/net will asm'me a north- 
aHil-Hout/i poHition* BcHuuise of this latter property natural 
magnets iHutanu^ known as lodestones (leading stones), and 
magmds, tdther artilieial or natural, In^gau to be used for 
determitiing (linudaonH, Tlie iirst mention of the use of the 
e.ompiiusH in Kuropt^ is in 1190. It is tlmught to havci bei‘.n 
inlrodu{!(*d from (Oiina, 

Magm‘tH liiv now made eitluw by stroking bars of ste.el in 
om^ dhxHjtion with a magnet, or by passing (dtMjtric eurrents 

«Thi« c'hartftr should tdthtir b« accompaniod or proc.(idod by laboratory oxperl- 
moatH tm amKiiotio flolda tmd oa fcho molacular naturo oC may^uutibm. Soo, for 
ixamplo, Expirimdats md 26 of tho authors' manual. 
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about tho bars in a nuiunrr tn in* tirM iibi-ti lafi-r. 

iSllOWll ill b'ijLT* i*ulb*«l a {h.i.t 

Ki]^. 207 a /it)rHi's/i*ir ^ I hr hit ^ 

tor foriu is llu* mt»n‘ i‘t»nuut»it. 

If a uiaj^nct is (lipiH'tl into irnn libu;* ■ . ' ^ 

Uio. liUn,u‘swill In* srisi to rliia^ iu t uir* ur.ii i hr rail, huf 
at all noar tin* uiuldlr ( 2tt‘^ k I'hr .r j4a* r , ur.ir tlir ojhIh of 

a niii^iu't atwhic'h ils sinaii^th Nrrisr. !*» 
bii luaict'Ut ralisl arr rallrd t hr a m! i hr 
iua)^m‘h 'riu* i‘Im 1 of a frrr!\ suuittnr-^ 

UUlji^Ilot wllirh pniuts tu thr UHilh i * »lr * 
i^natcd as (In* iu»rth .srl^kilu,^ nuu}*!^ 

tlui pdt* (N): niai (hr titla r rud thr 

or tho H^uth ptiif (S)» 7V^r IIJ If /ir /i 

pointn IH vtiUt'tl tlh' uuujiu Kii' rh/hi^». 

270. Tha laws of magnetic* iittrai ■ 
tion and repulsion. In tlu^ rxpniiurut 
wiili tlu^ iron lilin]t^s nt» piuiiriihu 
(liironana^ was ohsrrvrd lM*iur rn fhr 

aotiou of thr two j*olt*S. ddsHl thro a dslirt, Orr, howovor 
limy bo Hhiuvn by rxprriiunann' wiih i\% 
vvhirli may ht^ suH|jrndril Fi^^. i. 

If two iV polos art* hroni^ln noar roi au 
otliiu\ tlu*y ar4‘ foiiml to r«-prl oarh Mtlii i. 

Tho A' polos likouist* nro fomid io irprl 
oaoli otliia^ Hut tin* .V polo of oii«- liiatno l 
is found to 1 h‘ u(tnu*tt‘il by tlio S pnlr 
of auothrr. d'lu^ rmittM <»f tlnw r^pm 
molds may In* smimmri/rd in a 
law: Mat/mi fmlrM i*f kind rrpri r 4 r/^ 
aiher<, whllt paleu t*/ i/a/i/rr kimi nf/r^rf, 

Tho forou whirh any two pulr*. r^nl 
upon oactli other has borti foiunf* lilo’' ihr l«nri“! oi |.fiiivjt 44 !iotij 
to vary iuvomrly as ilm stjuaro of tim dinUmw thum. 
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A unit pole is defined as a pole which when placed at a 
distance of 1 centimeter from an exactly similar pole repels it 
with a force of 1 dyne, 

271. Magnetic materials. Iron and steel are the only- 
substances which exhibit magnetic properties to any marked 
degree. Nickel and cobalt are also attracted appreciably by 
strong magnets. Bismuth, antimony, and a number of other 
substances are actually repelled instead of attracted, but the 
effect is very small. It has recently been found possible to 
make quite strongly magnetic alloys out of certain nonmag- 
netic materials. For example, a mixture of 65% copper, 27% 
manganese, and 8% aluminum is quite strongly magnetic.' 
These are called Heusler alloys. For practical purposes, how- 
ever, iron and steel may be considered as the only magnetic 
materials. 

272. Magnetic induction. If a small unmagnetized nail is 

suspended from one end of a bar magnet, it is found that 
a second nail may be suspended from this first nail, which 
itself acts like a magnet, a third from the 
second, etc., as shown in Fig. 210. But if 
the bar magnet is carefully pulled away 
from the first nail, the others will instantly 
fall away from each other, thus showing 
that the nails were strong magnets only 
so long as they were in contact with the 
bar magnet. Any piece of soft iron may be contacr 

thus magnetized temporarily by holding it in 

contact with a permanent magnet. Indeed, it is not necessary 
that there be actual contact, for if a nail is simply brought 
near to the permanent magnet it is found to become a magnet. 
This may be proved by presenting some iron filings to one 
end of a nail held near a magnet in the manner shown in 
Fig. 211. Even inserting a plate of glass, or of copper, or 
of any other material except iron between 8 and N will not 
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ji{)|>n'(*ial)lv tlit‘ niniihiT m!' uln.'li in tlif' 

(Mid of S\ a fart \vlii<'li s1imu% ilt.ti fir art 

h'iUii^pdrvnf (t> Hiil a-n numjj (hr |»«'nuHa(‘Ht 

nia|ifiii(‘li is rtauDVi'tl un>st ni (hr uili liill, 

produced in thin u'up % iltc mm adj^ruit lumjnrh^ 

with or folthout aoitfirt^ t'udtd uidot^ d Nuipiu fiam. If []j{, 
iiHhu*(‘(l ma^nirtism t>f tlu' nail in Vi\i, 211 irNird with a 
ronipass U(H*(11(\ it is huna! lhal Ihr iialurril pnlr 'm 

of the sanu'. kind us thr itnlurini( \nAt\ w hdr 
lli(‘. )irur p()l(‘ is of inilikr kind, I hin is ihr 
g(nu»ral law of luaj^iirtir inclni*ti«>u. 

Magiud-in. indiictinu rxpluiiiN (hr tnrt tlfui 
a nuigju'l aUnn't-s an nnuiur'iirtt/rit psrrr i»l 
iron, for it. lirHl. iiia^^arti/os it In ifidntis«*!i. 
so that. lli(^ lunir polt* is tudikr thr indur!}!*^ 
pol(% and lh(^ ivinotr pt>lt* likr tlir indurusi^ 
polo; and Uunu sinrr tin* twu luilikr pnlrs 
aro r.los(‘.r iogidlun* than tin* likr pnli-’^n {Ih- 
aU.ra(d.ion oV(U*halanc‘(*s thr ropnlHiMii nud iltr iiMU in drawn 
toward tho inagnid. Alnf^nrtir iiidmiiMfi hKm r^jdiiinn thr 
formatioti of tlu^ tufls tif iron i^diMwn m wli 

litlli'. lilin|i( l)rroin!n|( a tmiporarv inatpoi an h ihitt thr mil 
whiidi points ttavard tlir indiiriii|.r j*»dr r. nnlikr tlm pub, 
and tlin (*n<l whirh poinis away finm n likr tlan [wdr. Thu 
hnslilikn appramnrn in din^ to thr rrj*iih4nr art ion wliirfi thr 
ontsidn frm polrs rxrrt upon mrh uthm*. 

273, Reteativity and pemeiWIity. A pin r ui Hnft imn 

will very easily heenim' a friiipoiai \ iisa|»iirl, hut whm 

removed from the inflnt‘iire of the nmi^nvt n I prartirally 
all of its magnetism. On thr othrr hand, a pirrr of ■nirrl will 
not he so strongly tmi|cnrii/.rd m llir iroin hut it will m* 
Unn a uiiudi larger fnudion <*f itK ifiiignrti^ni aftt’r it m rriiinviti 
from Uie influeuc^e of thr prrnmiirni nnigiiri. |Miwert>f 

roBisting eitlier magneii/.itliim or driniignrii/iiiion in rallid 
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Fkj. 212. A lino of fomo h(U. up 
by l,lu^ lnagn^^t. A H 


rrtvntiiutji* I liiis sUu'.l 1ms a. uuk^Ii gnmUn* retail hi vily thiui 
wnm^lit iron, aiul, in p-Hunuml, the harder tlie stcnd the gnmtin* 
its ret(‘ntivity. 

A snhstuiua*. whieh has tlu*. |)ro[)eri)y ol' heeoiiuu|;)‘ strongly 
inagiudie un<h‘r the. inlhuniee of a permanent luaguet, whether 
it has a high ridini(.ivi(.y or no!-, is said to [lossess ^pmniuibility in 
largi‘ degn‘.e. 1'hus iron is much more pmaueahlt*. than niokeh 

274. Magnetic lines of force. If \v(‘. e.ould sc'.parate the A 
and aV poles of a small magnet so as to gei. an independent 
N pohs and W(*ri? U\ plaet^ this N 
pole muu* th(‘ A' |iole of a bar 
magnid-, it would movi'. oviu* to 
the S poll' along some, (uirvinl 
patli similar it) thal. shown in 
Fig. 212. d'he reason it would 
move in a I'urved path is that it 
would Ik* simultaneously ri^pitlled by l-he. /V pole of the bar 
magnet, and attrae-ti'd by its A pol(\, and the relative, strengths 
of these two forei's would continually changu*, as the ndativi* 
distances of the moving pole, from these, two polios e.hangiMl. 

verify thin ronrluHiim let a Hi.rongly nuigiuM.i/i'd sewing tu't'.db^ In*. 
Iloat-ed in a Hiuall ecu'k in a Mlialitjvv disli of wal.<'r, and b^t a har ur 
liorneHline inagueti plaeetl junt ahtivt^ ur ju.st iM'iu'aiU iliu dish (see 
Fig, 2 IS), 'l‘lie (utrk and needle will tlu'n move as would an inde-|unul(mt 
pul<', HiiuK' tln^ renud^* ]kjI<« (»f the ^ 
neeiUn in ho much farth(*r from tlie 
inagni't than ihv. ru*ar pole that its hi- 
ll uenei' on tin* motion in very ninalL 
'The (*ork will actually he fourul to 
move in a curvinl path from N to S. 

Any path whitdi an independ- 
ent N pole, woulil taki^ in going from A to aS' is e.alled a line of 
f(irrt\ The simplest way of finding the lUreiition of this patli 
at any point near a magnet is to lioltl a short e.ompass needle 
at the |)uiut cunsidered. ''i'he eumpass needle sets itself along 








Fm. 21B. Hliowlng dlriU'.tlon of a 
nKJtlou of an iHolaU'.d pole near 
magne.t 
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tho lino in which its pi»!cs U(*nhi nunt* l\ iuilc|M>uilfiit, that 
is, alon^ Uic lino ul’ whii*h tiuMUi^h \\\r m-ivuu 

point; (siu'. (\ 212 )« 

275. Fields of force. 'The ainiuf a luainai in wlimh 

its inujjfnolic Toi'i'i's I'iui ho its /o/»/ 

Tlui oasiost way of j>:uinint^" an idea uf tio' uu\ iu u Inch i\m 
linos of forco n\v arranfx<‘d in the licht ulu.iit any 

ina|j;nol> is lo sift inui liliio^s tipou a pin e i*t paper placed 
imuuuUaioly (»vor (ht^ niHi^neh Kaeh little filiutt ht’eouum a 
toniporary maj^iud. by indnethuu hihI thereiure, like thi* oom- 
pasB luuulh^, Hi'ls itsedf in the clirt^etion u! the line ol fnrc(» at 



tho point whort^ it is. 21 1 nIiowh h«n^ the lUTimge 

tlunnsolvoH about a bar inu^^nct. Fii.p 21. » r* the nnreHptUHb 
iug ideal diagnun, slanvitig ib»' Imvn «d" lin« e euirr^p^^g hum 
the iV polo and passing about in curved patin in Un-- polo, 
It; is ciiHloinary it> ituagiuc ihcHo liue^i irluiuiug ihrtaigh 
tho magnet from S to A* iu the muiiuer ‘diioviu tlnii imdi 
lino is thouglit of uh a closed rurvin l ids enti\riifioft whm 
introdiutod by Faraday, uinl has las-u foiiud of great as-nistanoe 
iu oorredating tla^ facts of naignclisiu, 

A. 7)l(X(ftiVtUt fitltl iij UUti #« dffiSU'ri «$ del?/ iu u^hwh 

Q> uuit 7U(Upwt ptih vxpit'tii*Hi*rB 1 il^ur edyhrer*. It in ruslofniiry 

to ropnmout graphically such a field liy drs&wiug one lino Mr 
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a. 


% 


-HI, 


Km. iiid. 'rii<‘ Ht.r{'n^i:^h of a inap;- 
notio. ih*l<l m rcpnwuiU'd by Ui(5 
iiuiubonif lliu'Hof foiv.oporKquaro 
fontiiiud.ci’ 


Hquan‘. (H‘Ut.hiU'.U‘r Uinnigh a Hurfa(H\ suc.h as AliCJ) (Fig. 21(5) 
iaktui at. right, auglos to Uu‘. linos o[ foro-o. If a nnit N 2 )olo 
lu*tAV(*(‘n N and H ( I^'ig. ti 1 (>') www. pusluul towar<l A' with a forc.o 
()1! loot) (lyiu's, tht‘. strtnigth nl’ tlu‘ fudd wtaild bo 1 ()(,)() units 
a-iul it. would b(‘ r(‘prosoid.od by 
loot) linos per S(iuartM*initimi't(*r, //' ''v\v 

276. Molecular nature of mag- 
netism. ir a snuill tt‘st Uilns full 
of iron tilings bo stnikt'd Trom 
ond tt> Olid with a niagiu'U it will 
b(*. round in have', biasnm* itsidl’ a 
magnet; but it will lose its nmg- 
notism as soon as tlu^ tilings aro 
shaktm nji. 1 1’ a niagnot izod knit- 
ting iHH'dh^ is lusitod roddiok it 
will bt^ found to have lost its niagmd.ism o.omphd.o.ly. Again, if 
such a iu‘odh* is jarnsl, nr hanuuo,ri^d, or twisU^d, tho st.rongth 
of its polos, as nieasuriul by tlu‘ir ability to piok up ta(*.kH or 
iron tilings, will bi^ baind to l)o groatly diminishod. 

'riioso. faids pnint to ilu'. eoiuOusion that magnetism has 
sound lung to <lo with tin* arrangimiiait of the molocules, sinee 
(‘aiiHt's which violently dis- 
turb the moli*ouh‘H of a mag- 
net wi'aken its magnetism. 

Again, if a magin*t i/.od needle 
is brok(*n, (’aeh part will 
he found to la* a eompiide 
magnet; that is, two new poles will appear at the point of 
breaking, a m*w .V poh* on t ta* part whie.h has the original S pole, 
and a new S poh^ on (In* part whieh has the original N pole, 
d'he Huhdivision may be (-ontiiuu‘d indefinitely, but always 
with the Hunu^ rc'sult, as indicated in Fig. 217. '‘I'liis suggests 
that the inoleeuh*H of a magnetr/ecl bar may tliemselves be little 
rnagmdii arranged in rows with their opptisile poles in eontaet. 










s 

m 


''k;, 217. KITce.t. of bn^aUhijj; a magma, 
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If ail luiinajfuf'tizi'il I'it'i'i' "I luinl In [uiuaiii'ii \ i'^nfdualy 
wliilii it lias lii'twai'ii llu- pules el a luavpiet. m- it it is IumiUkI 
tn K'.diu'ss and tlieii ullnwed In eiml in tin . [.Msiii.in, ii will Im 
found to have become maunief i/ed. Tins -.iisfoesis timt. Urn 
molocules of the steel are mas'iiels even when the bar aa a 
wliole is not ma^jnetr/.ed, and that iitas'iieii/aliou may ennsist 
in eansin^? them to arraufje tla-inselves in rows, end to end, 
just as the niaj>:ueti7.alion of the tube ot non lilnnrs luentiomal 
above was due tn a special arruiup'uteni ot the filmijs. 

277. Theory of magnetism. In an lunoiHrneii/ed bar of inm 
or steel it is probable then that tlie nioleriites theniselvcs are 
tiny magticts whieh are ^ 

amuigod c'lihi'r liapnaZ'“ y %%,*%. #* y%# 

ard, or in little, elosed ^ > ^ 4 % 

gnmpH or (uianus us in 

Ki^. 21 H, m Uuit» nu tlio 
whole., opiKisitt^ pthos 

^ioutralizo (»ach othor ihrooi^huiu i!ir l^u. tUii \\brn thr tuir 
is Uronj^hli iioar a tlir luulmili-t i%tr around 

by tlio outshh^ luagm^tir furro mio ^Mior Hin h iur4n|,noHont a?, 
that shown in Ki^. 21U» in ulurh lb*’ Mppit^iio muiphuidy 
noutralixc^ (‘atdi otlu*ronly in !hr nini^lh* iif tin* bin. Ai « nrtling 
bo this view, beating. 0 

and jarriuf^ wnaknn tin* 

nia^ntd. htu‘auso llu'V % ^ 


Ko.. 


A ’ 

nOtui.-jsii ? ; ••'I 


? ii§*4*-.-58lrft Sfi 
1'.^. O.U 


bo#. A ? 8'r.l.O|^«-Oi«'83f mS in ^ 

fj«4:i.;08 n.?«*4 n-.oi 


t(uid to shakt^ tin? undo-^ 

(MiloH out of alignment, 

On thn othnr hand, 
heating and jarrini^ nninnoti/iiinai %%hvu ih«^ Imr k 

bntwfuui the*, (adt^s of a nm^not U^nnisr thv\ llw mag* 

iH’.tizing hiren in hroukiiig up ihuiiodn-uhis giMup-*-^ ain! idmini^ 
atid thn mcdnoulim itito Nofi !ii^k»r 

pnrmnability than hard stool l»oriiy.«r tliif nisdr-mloH of ite 
former HubHtanoe art? iimoh oiy^iot io ini«» iiliginmttil 
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than of t.lio substaiua'. Stool has a vory mudi 

irrt*at(*r rd.ont.ivity than solt iron Ix^t'ansc^. it.s m[olocuh\s aro 
not- so (*asily niovtxl out. of position on<‘,t‘. thoy luivo b(^on 
alijj^inxL 

278. Saturation. Stronj^^ (‘vidmu^o Tor tlit^, cnrrootiioSvS of 
tlu* abovo vi(‘AV is loiind in fad that a pitu*.{‘- of iron or 
sto(‘l (*annot lx* nui| 4 ;iu*t- 
i/.t*(I lx*ynn(l a ('(‘jiain 
limit, no matU‘r how 
strong is tlu* niugnol iz- 
ing forci*. This limit ^‘’*'** 
probably corn'spomls 
to tho conditiiui in which 


cnr © f a I Bi. BB I ® 1 ® I la r ®i f rai r: ras « cm m t; iii cm niitti 
r^r B[ af.iiif ®r fflriir;!ifflr:iiirrar)®mrjiiiriil!3^^^^^ 

Oi t. a t a t ® I a f ® r.ra r .ig r.m r is r:® nra v:m r Ji r n rra rmi 


Arnui^oiiuxit. of njoUnmlcH in a 
hul.umUsl miif;n(‘t. 


^ ax(*s of all tlu* molcxuih's aro 
brought into paralh'Iisin, as in Fig. 221). Tin* inagud; is lh(‘,n 
said to bo Hfifurntni, siiux* it is as strong as it is possiblo 
to tnalvo it. 
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279. Theeartli*8 magnetism, 'llu* fa(‘t that a{x)nipass noodle 
always points ntirlh and soulh, or approx imat(*ly so, indictatos 
that tbo earth itself is a. groat nuigiict, having an #V polo ruuir 
tlu* goograi>hioal north pole, and an A’poh* lu'^ar tlu*. g(‘,ograph- 
ical south pole; for tlu^ maguotie polo of tlu^ earth whudi is 
imiv tlu^ geographical m)rth poh*. must of courses lx*, unlike*, tho 
po|<* (d aHUHpi»u(h*d magnet which points toward it, and tho polo 
of tlu^ Kusp(uid(*d magnet whitdi points toward the*, north is tlu*. 
one whuli by eouvenUoti it has 1 ku*u dtu'idod to call the. N i)olo. 
'riie magnetics polo of tlu* c'artli whie.li is near tlu^ north geo- 
graphuHtl judo was found in IHJU by vSir dam(*s Moss in 
Bofjthia Ft*lix, (‘anada, lalitiuh^ 70" IW N., longitude*. 05" W. 
It was loe’atod again iti lOOr) by (Hiptain Aumuelsem (tlus dis- 
tuwenxu’ of tho gi‘ogra[)hieal south [K)le*, 1012) at a point a 
little* farther \ve‘Ki, Its aiejiroximaio hunUion is 70"" 5' N. and 
Ob" 40' W. It is probablii that it HhiflH it.s pe)siliou slowly. 
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280. Declination. 'I'lui earliest users nf the emunasH wore 
aware that it did not point exaetly north : hut it wius ( 'olumhua 
who, on his iirst voyajf(( to Anieriea, iimile tiie disenvery, much 
to the alarm of his sailors, that tin* tlireeiimi ut the eompimg 
needle changes as one moves tdiotil over the earth’s sm-fiu'e. 
The chief rcituson for this variation isfoiiiid in tiie fuel that the 
magn otic polos do not eoineide with the steugraphieal pules ; Imt 
there arc also other eattses, sneli its the exisietiee uf hirge di,. 


posits of iron ore, whieh prodnee hrnl etTeets npnu the needle, 
The nniuhor of degretm hy whieh, at a given point on the earth, 
the noedlo varies frnin a trin* norlh-aiol suntli line is ejilledits 
declination, at that point. Lines dni\vii over the earth ihnuigh 
points of etpial deelinatitm are ealleil in, -./.mi,' Hum. 


281. Dip of the compass needle. l.> i uu .iiuuukii. in.-.i ininitiK 

noedlo « (Kig. 221) be thrust tlirmigh » i xili, ioel l. i a iin.illt. 

b bo ptiHHod tljn r»»rk ni right Im a, suid un lo |t 

as possible. Let a pin e be luljujitetl tiutU the 
system is in neutral (‘(piilibnuin abuut b m au 
axis, when a is pointing east lunl we^t. TU*ni 
lot a bo carefully inaguetmtHi by s^trekiiig 
end of it from the ituitltlh^ imt with th«' V |w4»* 
of a strong luagneb and the uther end 
the middle out with the .S* pele uf llie num*- 
magnet. When now the luHnil*^ In repkeeil un 
its supports and turtied inU» a nortleautl muitb iin X' will 

bo. found to dip so as to eaum’ the needle lu iun angle uf lUi’or 

70® with the horb.ontal. 



fk.t iisji.* 4i|j 


The oxporiniont shows that in this Intilndo tho «’ailir» iiiag- 
netio lines make a large angle with tlie hori/onlid. Tins angle 
between the earth’s snrfiu’e and the diteetii.n ..f ilii. magnetic, 
linos is called the'^fi^i, or iuclinutiunt of the neislle. At Wash, 
ington it is 71® fi' lunl at (’hieagn 72' on'. At the nmgnetic 
pole it is of course 9i)“, iind at tlin 

which iH an irregular tmrvccl Ittui near the rquitoi 

the dip is 0®. 
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282. The earth’s inductive action. That tlie earth acts like a 
Ij^reat may he very strikingly sliowii iu the following way: 

Ivt'ti a nul, for tixaniplo a tripod rod, be held parallel to the 

('arth’rt ina^*n('ti{‘ lines (the north end Hlantiiijjf down at an angle of about 
7()‘' or 75") nnd stnndc a f(‘W sluirj) blows with a lianniKU*. The rod will 
be found to have b(‘eoine a magiud with its upjuw end an S pole, like 
tlu» nortli polt' of tiii‘. (‘arth, and its lower end an N polo. If the I'od is 
r(‘V(*rHetl and tapp('(l again with tlui haninuu', its niaguetisin will be re- 
versed. If lu'hl iu an <*as band-west ])UHitioii and tapped, it will become 
d(uuagu(‘tiz(‘il, as will 1 h^ shown by the fact that either end of it will 
attract eitht'V tmd of a compass needle. 


QUESTIONS AND PROBLEMS 

1. If a bar magnet is floated on a piece of cork, will it tend to float 
toward the north? Why? 

2. Will a bar magiud pull a*floating compasH needle toward it? 
(,Iom]>are tlu^ answer to this tpn'.Htiou with that to the preceding one, 

3. Why should the inualle used in the experinnmt of § 281 ho placed 
(‘ast and wi*st, wlum adjusting for neutral equilibrium, before it is 
niagnet!'/.(*d V 

4. 'riu^ dipping nc'odh^ is Huspemhul from one arm of a steel-free 
haluuct^ and carefully wtugluuL It is tlieu magmvti/.ed. Will its apparent 
WtMght iucrcutseV 

5. Explain, on ilu^ Ijasis of hulueed maguetization, the process by 
which a magnet aUracts a pituu^ of soft iron. 

6. When a pi(‘ce of soft iron is made a temporary magnet by hring- 
iug It m*ar tin* pole of a i)ar niagmd, will the end of the iron nearest 
the magnet his an N (>r an S pole? 

7. Dtwist* ail c'xperiment wliicli will show that a piece of iron attracts 
a magnet just as truly as tin* magnet attracts the iron. 

8. I low would an ordinary eompass needla act if placed orer one of 
the eartlds magnetic juiles? How would a dipping needle act at these 
jioints? 

0, Do tlu^ facts of induction suggest to you any reason why a horse- 
shoe magm^t retains its magnetism better when a bar of soft iron (a 
keeiH'r, or armature) is placuul across its poles than when it is not so 
traatcul? (8c»e Fig. 21Q.) 

10. With what force will an N magnetic pole of strength 6 attract, 
at a distance of 6 cm., an A' pole of strength 1 ? of strength 9 ? 
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Gknkhai. Ka^ts uk lu4':rn:iFic\ri()N 

283. Electrification by friction. If a nf hurtl ruhlna' or 
a stick of scaling wax is nil^hctl with IIjuuh*! i>r rut’s fur iuul 
then brought near sotiic dry pith hullN. hits nf puprr. nr ollmr 
light botlicH, these IkuIich an^ hutiul ti» jump tnuunl tlu* rod 
Tliis Hort o( attraction, si» familiar to us from the hrhavinr uf 
our hair in winter wlicu wt' ctuuh it with n ruhhtn’ mmli, was 
observetl tis early as (lOt) nu*., whru Htnlos ui ttroocr ciau- 
jnonted tipou the. fact that rublnHl amlaT draws tn itsrlf thnauls 
and other light objiS'tH. It was iiut» however, until Ititii) a.u. 
that Dr. William (lilhert, pliysieian to l^Juem Kli/ulH'th, ami 
Homotiuuss called the father of tla* modern srieiiet^ of ehs-tricily 
and luagnetimu, diHC’ovmal (hat tin* elTeet ismld \h* prodttcctl 
by rubbing together a great variety of other sulistimeeH la^sulm 
amber and silk, mich, hu* i»XHtup!e. m glass mul silk. Healing 
wax and llaimek hard rubber ami rat’s fur, ete. 

(Mlbert luumsl the effect whidi wm pn^bieed upon thw 
VtU'ioUH Hubstauct^H h)* frU’tion. after t!ie Cii’isd 

name elevlnni^ mi'uning ** ambu*,” Thim a wAiVA, likr 

rubhed anther^ hm bevn t ndonH'd nnih iiu^ utimtimj 

tight hinUes u mtid to /uuy ht ru hurr btrn glmt 

a charge nf dedrintii. In this Htaiemm! ntahing wlmievitr is 
said about the natitn^ of ele<‘triidlv. Wt^ simply *lelhm an 
electrically (dialled Inaiy m one wliieli Ivm l«»e?j put iiiU* the 
condition iu which it mda toward light Unlum like the rubbd 
amber or tlie rubbed Healing w"ax. Tu ihi^f day we do tml know 

’ilH 


WiLUAM (ai.HiutT (irm-im) 

'’''y’*''’'”''! K'>KliHhman 

I • m« ,.,ir ',1 '>>>H<'rvftU,mN; (li-Ht to .Iteovo 

.,H ,1 that tlu. campaHH iK.In'u K. tlx 

..iH ,’l« I I',’'''"""’ of tlio HtafH, lua l.(«caiiH(i till 

In, ^ tlxil- olm.trlllcatltm ran hr iirndurtal liv nib 

. i ITf 'T'^, “f HiilmtanriiH; autlu.r of t.lli 

I iiiakltig book oiiHtloil "Do MaRnwtn, otr..,” iiubllHhod in 
tvdnclon in UWK) 
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yvith certainty wliat the nature of electricity is, but we are fairly 
familiar with the laws which govern its action. It is to those 
laws that attention will be mainly devoted in the following 
sections. 

284. Positive and negative electricity. Lot a pith ball suspended 
by a silk thread, as in Fig. be teucluid to a glass rod which has been 
rubbed with silk and thus hcKui put into tlie condition in which it is 
strongly re})elled by this rod. N(^xt 
let a stick of sealing wax or an e))oii- 
ite rod which has betui rublxul with 
cat’s fur or flanucd he brought nc'ar 
the chavgiul ball. It will b(^ found 
that it is not r(*.j)(‘,lle(l, but, on the 
contrary, is v<uy strongly attractcul. 

Similarly, if thi^ pith ball has touched 
tlu> .Moalhig wax ho that it Ih rope. 11, kI pitu.ball «l«ctr<,Roopo 

by it, it is found to be strongly 

attracbul by the glass rcul. Again, two pith halls both of whie.h have 
b(ieu in c.ontact with the glass rod an^ foiunl to r(^j)el each other, while 
]>itlL balls one of which has be(ui in contact with the glass rod and the 
other with the sealing wax attract each other. 

Evidently, then, tlio cdce.tr ilicatioim wlue.li arc impartcul to 
glass by rubbing it with silk and to HcuUiug wax by rubbing 
it with llanuel are opposite in the houho that an cleetnliiul 
body that iH attracted by one is rc^pcdled by the otlun*. We 
way, tlu'.nd'ove, tliat there ims two kinds of olcetrihe.atiou, and 
we arbitrarily (uill one poHitive and the otluu’ ni^jative, * ''rhuH a 
poHitively electrified body is oho whieli acts with renpecd to other 
eleetril'uid bodies like a ylasH rod toMah hm been nihbed with 
silk, and a neyatively electrified body m one winch ae.trt like a 
piece of sealiny wax which has been rubbed with fianneL "I'lieacii 
facte and dehiiitiouH may tluai be stated in tlui following g(ai- 
eral law: .Kleatriml chary es of like kind repel each other ^ tvhile 
charges of unlike kind attract each other 'Fhe fore.cH of attrac- 
tion or ropulfciiou are found, like theme of gravitation imd 
magnetism, to decrease as the square of the distance increases* 
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285. Measurement of electrical quantities. The fact of attraction and 
repulsion is taken as the basis for the definition and measurement of 
so-called quantities of electricity. Thus a- small charged body is said to 
contain 1 unit of electricity when it will repel an exactly equal and 
similar charge placed 1 centimeter away with a force of 1 dyne. The 
number of units of electricity on any charged body is then measured 
by the force which it exerts upon a unit charge placed at a given distance 
from it; for example, a charge which at a distance of 10 centimeters 
repels a unit charge with a force of 1 dyne contains 100 units of elec- 
tricity, for this means that at a distance of 1 centimeter it would repel 
the unit charge with a force of 100 dynes (see § 284). 

286. Conductors and nonconductors. Let an electroscope E 
(Fig. 223), consisting of a pair of gold leaves a and suspended from 
an insulated metal rod r, and protected from air currents by a case 
be connected with the metal ball B by means of a wire. Let an ebonite 
rod be now electrified and rubbed 
over B, The immediate divergence 
of the gold leaves will show that a 
portion of the electric charge placed 
upon B has been carried by the wire 
to the gold leaves, where it causes 
them to diverge in accordance with 
the law that bodies charged with 
the same kind of electricity repel 
each other. 

Let the experiment be repeated 
when E and B are connected with a 
thread of silk or a long rod of wood instead of the metal wire. No 
divergence of the leaves will be observed. If a moistened thread con- 
nects E and R, the leaves will be seen to diverge slowly when the ball B 
is charged, showing that a charge is carried slowly by the moist thread. 

These experiments make it clear that while electric charges 
pass with perfect readiness from one point to another in a wire, 
they are quite unable to pass along dry silk or wood, and pass 
with difficulty along moist silk. W e are therefore accustomed 
to divide substances info two classes, conductors and nonconr 
ductors^ or insulators^ according to their ability to transmit elec- 
trical charges from point to point. Thus metals and solutions 



Fig-, 223. Illustrating conduction 
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of salts and acids in water are all conductors of electricity, 
while glass, porcelain, rubber, mica, shellac, wood, silk, vase- 
line, turpentine, paraffin, and oils generally are -insulators. 
No hard-and-fast line, however, can be drawn between con- 
ductors and nonconductors, since all so-called insulators 
conduct to some slight extent, while the so-called conductors 
differ greatly among themselves in the facility with which* 
they transmit charges. 

The fact of conduction brings out sharply one of the most 
essential distinctions between electricuty and magnetism. Mag- 
netic poles exist only in iron and steel, while electrical charges 
may be communicated to any body wliatever, provided it is 
insulated. These charges pass over conductors, and can be 
ti’ansferred by contact from one body to any other, while 
magnetic poles remain fixed in position, and are wholly unin- 
fluenced by contact with otlier bodies, unless these bodies 
themselves are magnets. 

287. Electrostatic induction. Lettlie ebonite rod be eleetrifted by 
friction and slowly brought toward the kuol) of the gold-leaf electroscope 
(Fig. 224). d'lie leaves will be .s(‘eu 
to diverge, even though the rod does 
not approach to within a foot of the 
electrosco^^e. 

This makes it clear tliat the 
mere influence which an elec- 
tric charge exerts upim a con- 
ductor placed in its neighborhood ^ 

is able to produce electrification m i 

Fig. 224. IlluHtrating induction 

in that conductor. I his method 

of producixtg electrification is called electrostatic induction. 

As soon as the charged rod is removed the leaves will be 
seen to collapse completely. This shows that this form of elec- 
trification is only a temporary phenomenon which is due simply 
to the presence of the charged body in the neighborhood. 

t 
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288. Nature of electrification produced by induction. Let a 

metal ball A (Fig. 225) be strongly charged by rubbing it with a charged 
rod, and let it then be brought near 
an insulated* metal body B, which is 
provided with pith balls or strips of 
paper a, h, c, as shown. The divergence 
of a and c will show that the ends of 
B have received electrical charges be- 
cause of the presence of X, while the failure of h to diverge will show 
that the middle of B is uncharged. Further, the rod which charged A 
will be found to repel c, but to attract a. 


Tig. 226. Nature of induced 
charges 


We conclude, therefore, that when a conductor is brought 
near a charged hody^ the end away from the inducing charge 
is electHfied with the same hind of electricity as that on the in^ 
ducing body, while the end toward the inducing body receives 
electricity of opjposite hind, 

289. Two-fluid theory of electricity. We can describe the 
facts of induction conveniently by assuming that in every con- 
ductor there exists an equal number of positively and nega- 
tively charged corpuscles which are very much smaller than 
atoms, and which are able to' move about freely within the 
conductor. When no electrified body is near the conductor B, 
it appears to have no charge at all, because all the little posi- 
tive charges within it counteract the effects upon outside 
bodies of all the little negative charges. But as soon as an 
electrical charge is brought near B, it drives as far away as 
possible the corpuscles which carry charges of sign like its 
own, while it attracts the corpuscles of unlike sign. B there- 
fore becomes electrified like A at its remote end and unlike 
A at its nehx end. As soon as the mducing charge is removed, 
B immediately becomes neutral again because the little posi- 
tive and negative corpuscles come together under the influence 


* Sulphur is practically a perfect insulator in all weathers, wet or dry. Metal 
conductors of almost any shape resting upon pieces of sulphur will serve the 
purposes of this experiment in summer or winter 
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of their mutual attractions. This picture of the mechanism of 
electrification by induction is a modern modification of the 
so-called two-fluid theory of electricity, which conceived of all 
conductors as containing equal amounts of two weightless 
electrical fluids called positive electricity and negative elec- 
tricity. Although it is now quite improbable that this theory 
represents the actual conditions within a conductor, yet we 
are able to say with perfect positiveness that the. electrical be- 
havior of a conductor is exactly what it tooidd he if it did contain 
equal amoimts of positive and negative electrical fluids^ or equal 
numbers of minute positive and negative corpuscles which are 
free to move through the conductor under the inflTience of 
outside electrical forces. Furthermore, since the real nature 
of electricity has been altogether unknown, it has gradually 
becjome a universally recognized convention to speak of the 
positive electricity within a conductor as being repelled to the 
remote end, and the negative electricity as attracted to the near 
end by an outside positive charge, and vice versa. This does 
not imply acceptance of the two-fluid theory. It is merely a 
way of describing the fact that the remote end does acquire 
a charge like that of the inducing body, and the near end a 
charge unlike that of the inducing body. 

290, The electron theory. A slightly different theory, called 
the one-fluid theory, was originally suggested by JBenjamin 
Franklin, and in the following modified form is now pretty gen- 
erally held by physicists. The atoms of all substances are now 
known to contain as constituents both positive and negative 
electricity, the latter existing in the form of minute corpuscles 
or electrons, each of which has a mass of about that of 
the hydrogen atom. These electrons are probably grouped in 
some way about the positive electricity as a nucleus. The 
sum of the negative charges of these electrons is supposed to 
be just equal to the positive charge of the nucleus, so that in 
its normal condition the whole atom is neutral or uncharged. 
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But. in (‘.on(lu(‘.lors uliu‘t.n»us am (‘outinually |^(‘t-t int^ loosn from 
lilic atoms and rodiiUn'in^ ol,lu*r atoms, so that at any jjfivon 
instant tluu‘o ai’(‘. always in cvory conductor a nuinlno’ of fre^ 
negatives (ihn^rous and a corri'spmidin^' nuiuhcr ol atoms uincJi 
have, lost (d(U‘.trons and which arc. tlau'crorc positively charj^u'd. 
Su(di a c.onduct.or would, as a whole, show no charge of (mIIhm* 
positive or m^^ativc (‘liud.ricity. But as soon as a hiul\ chai’ij^cd, 
Jor (hxain[)l(^ m^ga-tivcly, is hroii^dii- near such a condiiclor, tlic* 
n(^gativ(dy (‘.hargi‘d ch‘.(‘lrons stri'uiu away to the rtnnoli* (aid, 
leaving Indiiiul them tin*, jiosit-ivid)' charged atoms, which arc 
not free to hiovo from tludr posititais. <)u (he otlan* liand, if a 
positively cdiargi^d body is hnnight in*ur (he ctmductor, tho 
negative elec.trons arc*, altractetl and ilu* remote end is left 
with the immoval)l(^ plus atoms, 

Tlio only aclvnuiiage. of (his theory ovt»r that s(^gg<^s^l‘l^ in 
§ 2H9, in whie.h tlu^ (‘xislimet* of both positue and m*gativo 
eorpuH(d(vs was assunusl, is (hat theri' is much direct* cK[K5ii 
mental cwidinuai for tlu^ exislmice td' such negatistdy charged 
(torpusc.Ies or (de(d.rous of about j ,, the mass of (he hydro- 
gen atom (s(‘i‘. (diapUu’ XXI ), hut no dins^ m idemei' us yet for 
the (existence of positively charged bodies smallm* than atoniH, 
W/c charifo^ of one vivotron in ntHnl i/to t/ntiniitirt/ rfodn- 
(•(d chart/e. Its vaJuii has reetmlly (Ibid) hren acenratcly 
measured. I'Ihu'i*. an*. 2.095 tjtlliou id' (hem in one of Um 
units dtdined in 2Hr), AVer// olooitdonl c/mn/c mumniit tf nn 
exaot numhvr ofi/toHO idfiamio vlooiriotd aitmw Hottiioroil ercr t/w 
mrface of i/ie oharijod hm/if, f 

. ■ ‘ 1 / 
291. Charging by induction. Lrt(w*uMi*ud imUnm (A\oe|r| 44 a*llH 

A and H, wliirh hav(‘ Ihm-u gildcrl f>rrnvcirii willi ho (Mil, )>r rue«|M*ndol 
by Hilk tlircads and Imadied tegidhcr, m in Fig. gtd a jMiMftivi'ly 

tdiavgiul body (! ho brought iM'ar them. Ah dmertbed ainivi*, ,1 imd /I 
will at once*, cxliihlt evldmicca of clccdrification ; that d will rejnd a 
poHitiv(dy cliarged pith ball, while It will aftmri it, If removed 
wliik A and Ji are still in aont4ad, tho w^paniU-d chargo^i irtaabt and A 
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Benjamin I'ranklin (1706-1790) 

Celebrated American statesman, pbilosoplier, and scientist; born 
at Boston, the sixteenth child or poor x>aronts ; lorinter and pub- 
lisher by occux)ation ; imi'siied scientific studies in electricity as 
a diversion rather than as a profession ; first proved tliat the two 
coats of a Leyden jar are oppositely charged; introduced the 
terms positive and negative electricity; proved the identity of 
’ lightning and frictional electricity by flying a kite in a thunder- 
storiu and drawing sparks from, the insulated lower end of tlu^ 
kite string ; invented the lightning rod ; originated the one-fluid 
theory of electricity which regarded a positive charge as indi- 
cating an excess, a negative charge a deflciency, in a certain 
noriual amount of an all-pervading electrical Huid 
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and B cease to exhibit electrilicatiou. Hut if A and B ai'O separated 
from each other while C is in place, -4 will be found to b(^ permanently 
positively charged and B negatively charged. This may be proved either 
by the attractions and repulsions which 
they show for chargcHl rods brought near 
them, or by the efbicts which they ju-o- 
duce upon a cliarged (dectrosco]i)e brought 
into their vicinity, th(i leaves of the latUir 
falling tog(d.h(u- when it is brought lU'.ar 
one and spreading fartluu* apart when 
brought n(*ar the othm\ 

Wo SCO, tlioreforo, that 'If toe nut 
in two^ or separate mto two parts^ a 
emulnoior while 'it is tvnder the inflnence of an eleetrie. aharpe^ 
tve obtain two 2 )ermanenth/ (ihari/ed bodies^ the remoter 
having a charge of the sa'me sign as that of the indiwmg 
charge^ and the 7ieMr 2>a7*t having a charge of imlilce sigiu 

Let the conductor B (Fig. 2137) be touched by the fingtu* whilti a 
charged rod C is muu* it. Tlien l(‘.t the linger be removed and after it 
the rod 6*. If now a negativcdy chai'ged pith ball is brought near By it 
will be n‘p(dle<l, showing that B has 
becuuu! negatively chargt‘d. In this 
exjKuduumt tlu^ luxly of tlu'. (^xp(‘ri- 
nient(‘.r (lorrc^sponds to ilu^ (*gg A 
of the preci'diug <^xperimeut, and 
nnnoving ilu^ linger fnun B eorns 
spouds to H(‘paratiMg ilu^ two (Egg- 
shells. Let the last experiimmt be 
rcEjunitcMl with only tlii.s modilieatiou, that B is tt)U(di(‘d at h ratluT than 
at a, WJum B is again t(Est(‘d with the })ith. ball it will still Ixe found 
to have a negative eliarge, exactly as when the finger was touched at n. 

Wo ccnu^ludo, tlioroforo, tliat no matter whore the body // in 
toiudied, the sign of the charge left upon it is always oppos'd e to 
that of pie inducing charge. This is bocaiiBo the negative elec- 
tricity, that is, the electrons, can under no circumstancoa oscapt^ 
from h so long as O is presont, for they arc hound ” by th(^ 
attraction of the positive charge on CL IikIchhI, the final 



Km, 227, A body charged by hulue" 
tiou has a charge of sign opposite l.o 
tliat of tlio inducing charge 



Km. 220. Obtaining a plus 
and a minus charge by in- 
duction 
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negative charge on B is due merely to the rae,!; thnt Uu* posit iv<'. 
cliarge on C pulls eleetrons into B IVoin tiu*- (ingi‘r, no inat.l.(‘r 
where B is touched. In the same way, if (! had Ikhmi negative* 
it would have pushed elc(ttrons off from B thnaigli tlu^ tinge, r 
and have tlius left B positively c*.harg<‘d. 

292. Charging the electroscope by induction. Let an «'hnnii(‘ 
red which has beaiiruhhcd with cat’s skin Im* linnight near the kiml» ul 
the elcctroscopn (Fig- 221). Tin*. l(‘avcs at enc(^ divcrji^e. Lot the knob 
l>c touched with tin*. ting(‘r wliih*. the. rod is ludd in j>la«M*. 'Die leaves 
will fall together. Led; tin* lingin' he. nnnovtsl and Mien tin* rod. 'riie. 
leaves will ily apart again. 

The electi’()S(U)pe has Ikhui eJiarg(‘d by induet ion, and siina^ 
tlie charge ou the ebonite rod was ni‘gaiiv<s tln^ (•liargo on tin* 
electroscope must l)c [lositivc.. If this (‘omdnsion is tested by 
lu’inging ilie ebon it(‘. rod near the e-l(‘.e.tros<*ope, the leu,ves will 
fall tog(‘ther as tlu*. rod aj)pn)a(h(ss tlu', knob. How do(*s lids 
prove tliat tlici cliarge on the elec.trose.ope is posit ivi* ? 


293. Plus and minus electricities always appear simultane- 
ously and in equal amounts. L(d. an ehontle md he eomplelely di..* 
charged hy juiSvsing it c[uickly through a Itunsen (lann*. I.et a llaimel 
cap having a silk tlii’i^ad attaidnul he. H!i[)ped over ^ , 
tin*, rod, us in Kig. 22H, and twisted ra[h]ly aroiunl 
a niunh(*r of tinu's. Wlnni rod and ca}) IngeMH*!* 
an*. Indd near a (diarged (detdroseope, no elTetd. will 
Im ol)serv(‘d ; ]»nt if (.he. (^ap is piilletl olT, it will 
he found to lie positively charge.d, while the. tchI \j 

will he foiiinl to have, a n(‘gative cliarge. j,. IMm >Mitl 


Kio.iiiiH. Plm. ;iiul 
i ii 1 /r I ininu.s el«‘el rieil it-h 

Sinc,o 1,1.0 I, wo (.o^n.l.lKO- prodiK.o .... oll..o(, 

the experiment shows that tiie jilus and minus in vi\\\n\ anuamu 
charges were cujual in amount, d'his (‘Xpc.ri- 
jnoiit eonlirms the view already liroiight forward in eonm*etion 
with inducition, that eletd-rilitaiiion always i*onsistH in ascpuralion 
of plus and minus (diarges which already t^xist in tupial amoimtH 
within the bodies iu wbich tbc3 eU'.eXritieatlon is developed. 


J)lSTKIBUT.TOlNr OF CHARGE 
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QUESTIONS AND PROBLEMS 

1. (Uiargc. a gold-loaf (‘kHvtrosoope by induction from a glass rod. 
Warm a ])i(‘co of ])aiu‘r and stroko it on the clothing. Hold it ovor tho 
(diargod (d(‘(d.r(>Ho.o])(‘. If tho divorg<mc(^ of tho gold l(*av(^s is incroasc^d, 
is tho (‘,harg('. on th(‘. ])a]) 0 ,r -f or — V If th(‘. divorgonco of tho gold leaves 
is dtM-.r(‘as(‘d, wind, is tln^ sign of tho charge on tho ]mper? 

2. Civcm a gold-h^af (‘l(H‘.troHco])(‘, a glass rod, and a piece of silk, 
iiow, in geiK'ral, would you proceed tn't(‘.flt tlui sign of the elc<d.rifioatiou 
of ail unknown charge? 

3. If ])ith balls, or any light liguri's, are placed lietwiuni two plates 
( Fig. tiiiSl), on(‘ of which is e.onnet.Uul to (‘arth and the other to one knob 
of an (‘l(‘{d.rical machine in operation, the iigiires will bound back and 
forth b(‘tw(a‘n tin* two plat(‘s as long as the machine 
is op(‘rati‘d. M^xj»lain. 

4. If you givtui a positivedy cliarged insulated 
Hpher(‘, how could you cliargei two other splu'res, one 
positively and the othcT lu^gatively, without diminish- 
ing tlu^ charge on the first splu'.n*.? 

5. If you bring a j»oHitiv(‘.ly (diarg(‘d glass rod lusir 
lh(^ knob of an ide.c.troscope and l.he.n touc.h tln^ knob, 
why do you not nmiove the. m*gative {‘l(‘ctric.ity whicdi 
is on the. knob? 

6. In (diarging an elec.trosttopi*. by inducl.ion, why niiist the finger 
be rmnoved before the rmnoviU of tlu‘ e.liarg(‘d body? 

7. If you hohl a brass rod in the. luiml and mb it with silk, tlie rod 
will show no sign of tdi'etriiieation ; but if ytm hold the brass rod with 
a piecM* of sluMd. rubber and tluui rub it with silk, you will iind it el(‘c.- 
Irilied. Mxplain, 

8. W'hy is repulsion betvv«'<*n an unknown body and an (dectrilii'd ])il.li 
ball a surer sign thal. the iinkiiown body is eh’ctrilhul than is attraittion ? 

9. Slatf^ us many diflhrenees as you can betwe.cn the phenoimma of 
magnetism and those of <‘le<d.ric.ity. 

1 IISTIMIUITION OI*' EkKCd’RK; (‘dlAlUiK UI*ON ( k )N DUCTORH 

294. Electric charges reside only upon the outside surface of 
conductors* bc*t. a d<*ep tin mip (Fig. 230) be. placc.d upon an insulating 
stand and churgi'd as strongly as possible (Either from an (‘.bonite rod 
or from an elect riiad imudiine. If now a smooth metal hall suspiunhul by a 
silk tliread is tonclied to ilu* oiitnldeol thiudiarge-d cu)), and then brought 
ne«ar l\w. km»l> of a charged el(>ctroHcop(% it will sliow a strong charge; 
but if it is kmched to tho imide of the cup, it will show no charge at all 
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Th6S6 6xp6rini6iits sliow that (i% el^ctTic cIicltqq Te8id6^ 
entirely on the outside surface of a conductor. This is a result 
which might have been inferred from 
the fact that all the little electrical 
charges of which the total charge is 
made up repel each other and there- 
fore move tlirough the conductor un- 
til they are, on the average, as far 
apart as possible. 

295. Density of charge greatest 
where curvature of surface is greatest. 

Since all of the parts of an electric charge tend, because of 
their mutual repulsions, to get as far apart as possible, we 
should infer that if a charge of either sign is placed upon an 
oblong conductor like that of Fig. 231, (1), it will distribute 
itself so that the electrification at the eirds will be stronger 
than that at the middle. 



Tig. 230. Proof that charge 
resides on surface 


To test this inference let a proof plane (a flat metal dislr, for example a 
cent, provided with an insulating handle) be touched to one end of such 
a charged body, the charge conveyed to a gold- 
leaf electroscope, and the amount of separation 

of the leaves noted. Then let the experiment )} 

be repeated when the proof plane touches- the " 

middle of the body. The separation of the (2) 

leaves in the latter case will be found to be very 

much less than in the former. If we should ^ 

test the , distribution on a pear-shaped body „ '" 'r. . 

OQ 1 /o\T • j.-u 1 Pig. 231. Distribution of 

[rig. 231, (2)] in the same way, we should , ^ v 

i fux. j -r ^ charge over oblong bodies 

find the density of electrification considerably 

greater on the small end than on the large one. By density of electrifi- 
cation is meant the quantity of electricity on unit area of the surface. 


296. Discharging effect of points. The above experiments 
indicate that if one end of a pear-shaped body is made more 
and more pointed, then when the body is charged the elec- 
tric density on this end will become greater and greater. 
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The following' (‘xperiim^it will hIiow wlmt liappeua when the 
eoiiductor is providetl with a yharp point. 

Let a very sharp lUM'dh*, bn attaohed to any smooth insulated metal 
body provhhsl with pa|iu‘r or pith-ball indie.ators, as in Fig. 2t25, p. 222. 
If th(‘. body is now (diarg(‘d i‘ith(‘r with a rublxnl rotl or with an cdectri<^ 
itiachitus as soon as tlu* supply of eleetriedty is stopped the paper imli- 
eaters will innmuliatt'ly fall, showing that th(\ body is losing its cduu*g(^ 
To show that this is ee.rtaiuly due, to tlu‘. eite.ct of l.he, ])oint, remove th<‘. 
needle and n‘pnat. "I'he indieators will fall V(‘.ry slowly, if at all. 

Tho t^Kp(n’iimuit hIiowh that tlio ol()( 5 trkuil density upon tlui 
|)()int iH HO grtuit that tho charge eHciap(‘,H from it into tho air. 
This is hcuuuiso tho iutoiiso ohargo on tho point (uiusos many 
of tho adjacent inolecailos of the air to lose an ekudron. 1108 
leaves these inolcjciihis positivedy charge^d, Thti freuj olecdxonH 
attach themselves to neutral rnolecailc'-s, thus charging them 
negatively. One set of tluuse elechricnilly cdiargcul nioleeules 
(called mis') is attrac‘.ttul to the point and the other repelled 
away from it. '’llie fornuu* set movcj to the cioncliuhor, givcj 
up their chargers to it, and thus mnit.ralizc'- the charge upon it. 

'I'lie. (‘ITec.l of ]K)inl.smay sliown ecpially well by cdiargiug i)h<i gold- 
leaf fh'.e.lroscopti and bolding a imedle. in tln^ baml within a few ineduss 
of t.lu^ knob, 'riici Itxives will fall lng('tber rapidly, 

In this Uu‘ ncx'dle point becunm^H (dcudrUied 
by induction and discdnirges to tlu^ knob (‘lecdrleity 
of thi^ opj><miU‘. kind to Uvat cm tho knob, tlms 
ruuitrali/iiig its c.barge*. An cmtertainlng variation 
of tho last ex]>eriment is to attaidi a tassid of Us- 
suo papeu* t() an insulated (u)ndu{‘tor and tdcudrify it 
strongly. The paper streamc'rs under fchcdr mutual 
r(‘pulsionH will stand out in all directicjus, but as 
soon as a tuuslle point is hedd in thc^ hand near tluuri, they will atcmcuii 
fall togotlmr (Fig. 2112), sintuc they arcs discdiargtxl as tl(*s(udb(*d above. 

297. The electric whirl. r..(*t an cdcsctric whirl (Fig. 2Jbl) bc^ bal- 
anced upon a pin point and atUuduxl to om^ knob of an cdtavtriti maeddne^. 
As soon as tho luachinci is started, the whirl will rotate rapidly in the 
direction of the arrows. 



Fin. 282. Dlstdiarg- 
hig effect of ’p^dnts 
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The explanation is as follows: The air (‘lost^ to each point 
is ionized^ as explained in § 21Mn Tin* ions (»!’ sii»*n nnliki^ 
that of the cliargc on the point ai’t^ drawn (o tlu‘ p(un(, and 
discharged. The otlun* se.t 
of ions is repealed. Ihit 
siiu'.e this repulsion is imi- 
tual, the point is puslual 
back with tht^ same I’orct'. 
with whu'.h thes(^ ions iuv. 
pushed forward ; luanu'. tlu‘, 
rotation. TIu‘. rei)(‘.lh‘.d ions 
in their turn drag Uu‘. air wil-h tlunn in llun’r I’oi’wurd motions, 
and thus prodiuui tluC'(‘I(H‘.ti‘it‘. wind/' which may lu* d(^(ec(i‘d 
easily by the hand or by a candlt‘ Ilanu^ ( Fig. 23-1 ). 

298, Lightning and lightning rods. It wiis in 1702 that 
Franklin, during a thnndtn*storm, sent np his historic kite. 
This kite was provided with a point(*d wire at the {op. 
As st)ou as tile hempen kite string had hcc(jmi‘ wet he sue- 
ecMided in drawing oi*d inary elect rit^ sinirks from a kty at» 
taelaul to the lower (Sid. d'liis expiU’imimt deinonstratt'd for 
tlio first time that ilninde.ndouds t^arry ordinary (‘leelrii'ul 
charges which may be drawn from tlunn by points, just as thi^ 
charge was drawn from tlie tassed in the cxperiuient of § 21)tl. 
It also showed that lightning is nothing hut a hugi^ ch^e- 
trie spark. Franklin aj)plied this disi’ovmy in tlu' invention 
()[• the liglitning rod. The wniy in which tlie nul discharge's 
the cloud and protec.ls tlu', building is as follow's: As the 
charged cloud approaches iho building it inducH's an opposite, 
charge in tlie rod. This iuduci'd cdiargi^ (‘scapt‘s rapidly ami 
([uietly from the sliarp point in tlu^ manner t*xp!aimsl abovt^ 
and thus neutralizes the charge of the cloud. 

To illuHtrate, l(vt a nif'tal (' (Kig. iiSf)) ho suppuilotl a!»ovo a 

metal ]»£ill K, aiul let rMiiul /*] l)(\ athu^hod to tin* 1 .w<j kriolm tif an (•lool.ri'* 
cal machine. WIkmj l.lif* machine is starhnl Hparks will |jaHs from (' to K, 



Km, 'I’hf* Km, U.’M. 'I'lii' elec 
electric, whirl trie wiml 
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butf if a |w)inl. /» is (’oiuioO.i'd to K, \,]n\ sparking will iMniso ; Uiaf. is, t-ha 
poiiil. will proUs'i. H fnmi |.h(‘ discdiar^n's, UiDii^di l.h(‘ disl-iUKu*. Cp 
bo o.onsidorably |;;'roal<or Uuiu ( Uu. 

'riu‘. l()\V(‘r (‘lul of a lighlninL,^ rod slioiild 1 m‘. l)in*i(‘d d(M‘p 
(‘Hough so iTuU- ii. will Jihva.ys Ix^ snrroiiiHhMl l)y luoisi, (^iirili, 
siiux^ <lry (‘art.li is a. j)oor {•ou- 


O 


(y>-. 

/ 


t i 


Fho 285. niimtratinp: aotion of 

a lightning rod 


du(d,or. II. will lu*. scmui, ITku’c- 
I’orc'., (-ha(. lighlning rods pro(>(‘.(‘i. 
buildings indr lHU‘.aus(‘. Uu'y o.nn- 
du(*.i l.he light.uing i.o (‘urlh, but 
b(H‘,auso. they j)r(‘.V(ni{, (.lu^ for- 
uiation of powin'lnl t‘.harg(‘s in 
Lluj mdgliborliood of (.lio build- 
ings on wliicli tlu^.y ar(^ placiul. 

299. Electric screens. 'That l.lu^ (diargo on tlu'- (nit-sicb^ of a 
(!ondur(.or always distribuUss ilH(‘ir in siudi a way that tlunv. 
is no (d(U'.(.ri(*. fona*. within (.h(‘, ootuhnd.or was first proved 
ox p(U’ini(‘.n tally by h'araday. lb', (‘ovtu’od 
a larg(‘. box with tin foil and wont insider 
with (-h(‘. most dttlioalo ctl(H*.('r()S(n)pi^s ohlain- 
abhn lb‘, found that tlu'- oid.sido of tlu^ 
box oould 1 h‘. (diargini so strongly that long 
s])arks w(‘r(‘ Hying from it without any 
(d(M*,trio.al. I'.ffinds being obsiu'vablo anywlunx'. 
insid(‘. th(‘. box. 

M'o n‘[joat M)o t'xporimonl. in nuxlifhnl form, 
lot an (‘loo,tr(»s(*opo bo phu’oil bonoath a bird oago 
or win* mdtiiig, as in Kig. 28(1. Ix't oliargrd rods or ot.iior pow(‘rfidly 
(dmrgod bodi(‘s bo bronglit mnir tln‘ (d(saroH(!op(\ outsidii tlui oagt^ 'bho 
h'avos will b(‘ found to roinain uudisturbod. 



Kio. 288. Fhxd.ro- 
sropn pro(,i‘,o.l.<Ml by 
a wiiH*, oag{^ 


Ilomus if w(^ wish to pro(.(‘(^t an ohud-ricud instrumcmt from 
outside ol(‘.o.trioal disturbaiKuw, wo hav(i only to stUTouiul it 
with a motal (U)V(!ring,*^ 

A la)>oratory oxorolso on static* olftrtrjral nffe«*tH should follow th« dlsonssion 
of this Hootion. Boo, for oxamplo, Kxporlmt^ut 27 of tlio authors’ nuinual. 
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Kui. 2;t7. tlluHl.raUiiK 
hyilnmtaUi'. jiri'twiirii 


I^OTENTIAL AND CArA(JITV 

• 300. Potential difference. There a very iu«(.nu‘,tiv(^ aiialejjry 

between the use of the word "potential” in (‘Uu’irie.ity and 
"pressure” in hydrostatics. For exaiupks if water will How 
from tank yi to tank />* thro\i^h the eomuH‘i.iu|j; pip('. A* 
(Fig. 237), we infer that the hydrostatic pn^ssure at a must 
be greater tliaii that at and we attribute 
the flow dire(jtly to this dirferenee in pres- 
sure. Iji exactly the same way, if, when 
two bodies J and B ( I^"ig. 238) ar('. con- 
nected by a conducting wir(‘, r, a c‘harg(\ 
of + electricity is found to pass from A (o 
/i, that is, if electrons are found tio pass from // to J, we say that 
the electrical potential is higher at yi than at //, and w<', assign 
this difference of ‘potential as tlu^ (jause of the ilow.**^ 'rims, 
just as water tends to flow from points of higher hydrostatk; 
pressure to points of lower hydrostatic pressun',, so tdcuttricaly 
tends to flow from points of higher (decitrical presmire or 
potential to points of lower electrical pressure or potential. 

Again, if water is not continuously su[)pluHl to one of 
the tanks A or B of Fig. 287, we know that the prusHur(*,H 
at a and 6 must soon become the 
same. Similarly, if no eloctrudty is 
supplied to the bodies A and B 
of Fig. 288, their potentials very 
quickly become the same. In other 
words, all poinU on a system of connected conductors In which 
the electricity is in a stationary or static coyuiition are at the same 


©- 


o 


Eio. IlluBtratlng dtjctri- 
cal prasHurc 


^ Franklin tbouglit that it was tlio positive electricity which moved through a 
conductor, while he conceived the negative as Inseparably associated with the 
atoms. Hence it became a unlvernally recognized convention to regard tdectrledty 
aa moving through a conductor in the dlrcM*.tl<m in which a + t^harge would have 
to move to produce the observed effect. It is not desirable to attempt to change 
this convention now even thougli the electron theory has exactly inverted the 
rdles of the + and — charges. 
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potential, Tliis result follows at once from the fact of mobility 
of electric charges through conductors. 

But if water is eontiimously poured into A and removed 
from (Fig. 237)> the pressure at a will remain permanently 
above the pressure at and a coiitinuouB flow of water will 
take place through Jt. So if A (Fig. 238) is (Connected with an 
cdcctri(‘.al machine and B to earth, a permanent pot(Uitial differ- 
encje will (‘.xist between A and .7^, and a continuous current of 
(doctrieity will How througli r. Difference in potential is 
(jommonly denoted simply by the l(‘.tters P.D. (IV)tential 
1 )ifference). 

301. Some methods of measuring potentials. The simplest 
and most direct way of measuring the potential difference be- 
tween two bodies is to (‘.onnect one to the knob, the other to 
the conducting caac,^ of an electroscope. The amount of 
separation of the gold leaves is a measure of the P.D. between 
the bodies. The unit in which P.D. is usually expressed is 
called the wlL It will bo accurately defined in § 831. It will 
be sufficient luu'e to say that it is approximately equal to the 
(dcotrical pressure bi‘,tw(‘.eu the ends of a strip of copper au(]l a 
strip of zhu'. immersed in dilute sulphuric a{dd (sec Fig. 247). 

Siiuu‘. tlui cnirtli is on tlu^ whole a good conductor, its poten- 
tial is e.verywhere the same (§ 300) ; heiu*,e it makes a con- 
venient standard of refenijuse in potential measurements. To 
iirul the potential of a body relative to tliat of the earth, we 
eomuH'.t tlui outer c.asi*, of tlu^ (}hH!tros(‘,opo to the earth by 
means of a wins and (‘.onnccit the body to the knob. If the 
eloetroHctope is c.alihrate.d in volts, its reading giv(*.s the P.l). 
betwecui the body and the earth. Siicli (uilibrated electroscopes 
are called eleatrontatia voltmeterH. They are the simplost and in 

'•‘If tho case Is of it. slumUl always bo loado oonduotln^ifliy pantinp: tin-foil 
strips on thc5 Inaldo of tlio jar opposlto tbo loavoa and oxtonding tlumo strips over 
the edge of the jar and down on the outslclo to tho conduotlng siipport on which 
the electroscope rests. The object oi this is to maintain the walls always at the 
potential of tho earth. 


234 


STATU* KUK(TlUe‘IT\' 


lUtiuy i*(‘Sp(U'.ts ilu‘ ui(*st. ssit isfju'i ury Immu'-. hI \ (n 

had. d'luru* usis both in lahnratttrir*. and in rlniviral 
plants, is nipi<lly im’n*iusiin 4 » 'Ha*) 

(ja)i 1)(^ inadi*- to nu*asiirr a IMh as 
small us vnlt and as lai>t^‘ as 

2()(),()()() volts. Ki|^. 23h shows ono 
of Urn siiu|)h‘r Tonns. 'Flu' outor rasn 
is of uiotal ainl is cnnimctisl to oaiih 
at tho point //. 'I'ht* hotly wlmst* 
potential is sought is ftainot-totl 
to tlu 5 knob h. This Is in na'tallii’ 
c;onta(4 with Urn ahuuiniiun 

vane whit'h takos tlu^ i>hu‘n of tlu* 
gold half. 

A very (tonvonu'iit way of umn^i 
uring* a Umje 1M>. vv ills ml a voh 
uietov is U) uunisun* tho longth th' tho 
spark whltth will pass hot w non th«' 
two hodit's \vlit>so IMh is stuight. 

Tlio IM). is roughly pro[H»rtioi[ud to spark IrurUla rarh roiith 
meter of spark length ri'presenting a IM >, of about ibyntHi \ nits, 
if tho elcetrodes artt largo etuupnrod to ttioir ili>»ianro apart, 

302, Cond6llS6rS. fa'ta lUiSal n»r tai iiu iii iuhitinK 

banii aiul r.uumu’.UMl vvilli an I'liH'truHi’njH*, tn Fi^:. tiU* J,ri 
j>lata /i ha Himilarly muuntad ami rnminSnl tu th«* rairtU l*> a « Mialniaitig 
wire. la't A he A M 

chargeil iuul the 

deflection of the 

gold Ieavt‘8 uoknl. 

If, now, we pimh Ji 
toward A, we sliall 
observe that as it 
cornea near, the *^*^**^ of ihi!'> « 

leaves begin to fall together, nhowiiig Uml thr *4 I i.i 

ished by tlie presence of /i, altlunigh the «pmntttv mC idri tnriiv on A \m 
remained unchanged. If we etmvey afhljtitnjal kn I with the 




t'p* **.iO t'J,’. SlM-,! ,UU’ 

%ip«!U8i» O ^ 
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aid of a proof piano, wo Hball lind that many times the original amount 
of (^(‘etricity may now he put on A before the leav(.*s return to their 
original div(‘.rgenco ; that is, before the body regains its original potential. 

Wc Hay, tliorefore, that tlio capacity of X for holding elec- 
tricity has been very greatly increased by bringing near it 
another eondiudior whicli is c.onnected to earth. It is evident 
from this statement that we ineaHure the capacity of a body by 
the amovnt <f electricity which 'oivM he put wpon it to raise it to 
a yiven pwtentiaL The explanation of the increase in capacity 
in this ease is obvious. As soon as A was brought near to A 
it became diargcd, by induction, with ehuitrieity of opposite 
sign to X, the electricity of like sign to A hedug driven off to 
e.artli through the connecting wire. The attraction between 
these opposite charges on A and Jl drew the electricity on A 
to the face nearest to and rexnoved it from the inoro remote 
parts of yi, so that it hocame possible to put a very much 
larger charge on A before the tendency of the electricity on A 
to pass over to thc^ olccitroscope beciamc as great as it was at 
first ; that is, before the potential of X rose to its initial value. 
In such a condition the electricity on X is said to Ix^ '' hound ” 
by llu\ opposite, eleetrienty on B. 

An arranyernent of this sort comistiny of ttvo condtictors sepa- 
rated by a noncoyidnctor is called a condenser. If the conducting 
plaices arci very cdoso together and one of them groxixided, tlui 
e.apacity of the systcmi may he thousands of times as great as 
that of one of the plates almu^ 

303. The Leyden jar. The most common form of condonscjr 
is a glass jar coated part way to the top inside and outsidci 
with tin foil (Kig. 241). The inside coating is connec’ted by a 
chain to the knob, while tlie outside coating is •connected to 
earth. OondenHers of this sort first came into use in Ijcyden, 
Holland, in 1746. Hence they are now called Leyden jars. 

To charge a Leyden jar the outer coating is held in the hand while 
the knob in brought into contact with one terminal of an electrical 
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machine, for example the negative. As fast as electrons pass to the 
knob they spread to the inner coat of the jar, where they repel electrons 
from the outer coat to the earth, thus leaving it positively charged. If 
the inner and outer coatings are now connected by a discharging rod, 
as in Fig. 241, a powerful spark will be ^^I'oduced. Let a charged jar 
be placed on a glass plate so as to insulate 
the outer coat. Let the knob be touched with 
the finger. No ai')preciable discharge will be 
noticed. Let the outer coat be in turn touched 
with the finger. Again no appreciable discharge 
will appear. But if the inner and outer coatings 
are connected with the discharger, a powerful 
spark will pass. 

The experiment shows that ’ it is im- 
possible to discharge one side of the jar 
alone, for practically all of the charge is hound by.the opposite 
charge on the other coat. The. full discharge can tlicrefore 
occur only when the inner and outer coats are connected. 

Electrical Generators 

304. The electrophorus. The electrophorus is a simple elec- 
trical generator which illustrates well the principle underlying 
the action of all electrostatic machines. All such machines 
generate electricity primarily by induction, 
not by friction. B (Fig. 242) is a hard rub- 
ber plate which is first charged by rubbing 
it with fur or flannel. A is a metal plate 
provided with an insulating handle. When 
the plate A is placed upon J?, touched with 
the finger, and then removed, it is found 
possible to draw a spark from it, which in 242. The elec- 

dry weather may be a quarter of an inch tropliorus 
or more in length. The process may be repeated an indefinite 
number of times without producing any diminution in the size 
of the spark which may be drawn from A. 




Fig. 241. The Leyden 
jar 
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If tlu5 si^ii of ih{) cluirge on A is tcustod by moans of an elec- 
trosoopo, it will bo buind to bi‘. positivo. This provos that A 
has bt*,on (shargcul by iiuhu'.tion, nob by' (M)nia(^t) with />’, for it 
is to bo iHonomluo'od that i.hi‘, laito.r is (*,hari^o.d ni'.^ativoly. '’.rho 
roason for this is that (W(‘.n when A n^sts upon /> it is in roality 
soparatod from it, ai. ail b\it a v(n‘y few points, l)y an insnlatinj^ 
lay(‘r of air; and, siiUM*. /> is a nonoonducbor, its (*harg(', (*.annot 
pass olT 4ipprtH‘.iably throuj^b tlu^sl^ f(‘W poinl-s of c.ont.acX. It 
simi)Iy ri‘p(ds n(‘<j;;iU.iv(^ (diu* tricity to iho to[) sid(‘, of tlu^ motal 
plato //, and thus c'hargt's i)ositiv(dy tho lower sid(u The lu'.ga- 
tivt‘. pass(^s off to (uirth when the plaki is toucb(‘<l with the 
linger. Ht^nc.c^, w1k*ii tlu^ ling(‘v is nntiovc.d and A lifted, it 
puHst\ss(‘S a strong positive charge. 

305. The Toepler-Holtz electrical machine. TIh'. ordinary sl.al.ic lua- 
ciiine is uoUiing hnt a c.onl.inuimHly acUnj;»’ (‘liM-Uonhorns. Kip;, tid’d, (1), 
rcprefcjcuts the 'roi'ph'r-Uohz type of Hindi a maidiinc. Upon 


( 1 ) 



tin* hack of the Hl.atioiiary plal.e are paslrd paper HectovH, hinieutli 
which are ntripM of tin foil .-I /i ami /'7^, ealled inrhirfars. In front of A 
is a revolviuji:? {^Iuhh jdat.e (nirryinp’ dinkrt /, m, a, o, /a ami 7, called cnrr/er.s. 
'Po the imluctors A /i and f'/> a.re fasLmied metal arms / and a., wliieh 
hrinp; f 'and I> into elcetriiaU eontaidi wil.h l.he disks /, ///, //, c, />, ami 7, 
when these disks pass heneath the tinsel ljriisln‘s earrIiMl hy ! and t/. A 
stationary nietallie. rod ra carries at its ends statiomi.ry hrushes as well 
as sharp^iointed, nietallie. eoinhs. d'ln' two kiiohs H and S have, their 
capaidity increased liy the I.eydim jars A and //, tin* outer coating.s of 
which am connectfal l)(*neatii tin* base of the, niachim*. 
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306 . Action of the Toepler-Koltz machine. The action of the machine 
described above is best understood from the diagram of Fig. 243, (2). 
Suppose that a small + charge is originally placed on the inductor CD. 
Induction takes place in the metallic system consisting of the disks 
I and 0 and the rod rs, I becoming negatively charged and o positively 
charged. As the plate carrying m, n, o, p, q rotates in the direction 
of the arrow the negative charge on I is carried over to the position in, 
where a- part of it passes over to the inductor AB, thus charging it 
negatively. When I reaches the position n, the remainder of its charge, 
being repelled by the negative which is now on AB, x^^^'^ses over, into 
the Leyden Jar L. When I reaches the position o, it again becomes 
charged by induction, this time positively, and more strongly than at 
first, since now the negative on AB, as well as the positive on CD, is 
acting inductively ux:)on the rod rs. When I reaches the x>09ition xt, its 
now strong positive charge pulls negative from CD, tlms increasing the 
positive charge upon this inductor. In the position v negative is pulled 
out of U, thus leaving it x)ositively charged and discharging L This 
comxDletes the cycle for L Thus, as the rotation continues, AB and CD 
acquire stronger and stronger charges, the inductive action upon rs 
becomes more and more intense, and positive and negative charges are 
continuously imparted to L' andX 
until a discharge takes XDlace between 

, the knobs R and 

There is usually sufficient charge 
on one of the inductors to start the 
machine, but in damp weather it will 
often be found necessary to apply a 
charge to one of the inductors before 
the machine will start. 

307 . The Wimshurst electrical ma- 
chine. The essential diffierence be- 
tween the Toepler-Holtz (Fig. 243) 
and the Wimshurst electrical ma- 
chine (Fig. 244) is that the latter has 
two plates revolving in opposite direc- 
tions, and that these plates. carry a 
large number of tin-foil strips which 
act alternately as inductors and as carriers, thus dispensing with the 
necessity of separate inductors. The action of the machine may be 
understood readily from Fig. 245. Suppose that a small negative 
charge is placed on a. This, acting inductively on the rod rs, charges 



Fig. 244. The Wimshurst induc- 
tion machine 



ELECTRICAL GENERATORS 


239 


a' positively. WIk^i a' in tlui coiirso of the rotation roaches the posi- 
tion //, it acts inductively upoi\ the rod ,s'V and thus charges the disk h 
n(‘gativ(dy. It will he Hi‘e.u that lienctvforth all tlie disks in th(3 inner 
cinde rticeive -h charg(‘.s as th(\y pass the brush- r, and that all the 
disks in the outer cirede, that is, on the 
back plate, receive — chargi‘.s as they 
j)ass the brush .s'. Similarly, on the 
Unviu* half of the plates all tlu^ disks on 
th('. inner circle r(‘.C(dv(i — charg(\s as 
tiny iuias the brush .s, and all the disks 
on the outiu* circle reccuv<*. + charg(‘s as 
they pass the* brush r\ 

When the ]K)sitive charges on tins 
inner disks come. oj)posite the eomhs 
c, they art', transferred to the -f- knob 
of th(3 machine or to the Leyden jar 
conneet(id with it. The same proctiss is occurring on the other side, 
where — charges are Ixung tak(‘n off. When a 8])ark jiasHes, the Leyden 
jars and the connecting system of conuuctors are restored to their 
initial conditions and the proccs.s begins again. 



Pio, ii4r). rriuciplo of Winis- 
hurst luachiuo 


QUESTIONS ANU PROBLEMS 

1. With a Htic.k of seilling wax and a incuu^ of flannel, in what two 
ways could you glv(3 a jjositivc*. charges to au insulated body? 

2. Will a solid H])lH‘r(^ liohl a larg(‘r charge of chudricity than a 
hollow otu^ of t]u^ sauK^ (liam(‘t(‘rV 

3. Wh(*n a n(‘gatlvely ele.ctriluul cloud passea ov(U’ a liouse provided 
with a lightning rod, the I'od dischargiis positive eh^ctricity into the 
clo\i{h Explain. 

4. Why is the capacity of a coiuUietor greater when another con- 
due.tor coiuu‘ci.ed to the earth is near it than wluui it stands alone* V 

6, A Li^ydem jar is jdaceul on a glass plate and 10 tmits of electricity 
placed on ilie inntT coating. 'Tin', knob is then connected to a gold-leaf 
electroscojH*. Will the leaves of the electroscope stand further apart now 
or after the outside coating has be(*n ct}nnect(xl to the eartli V 

6, Why cannot a Leyden jar bo a])preciably cliarged if the outer 
coat is insulated? 

7. Why is it not necessary to connect to earth the outer coatings 
of the Leyden jars on an electrical maohinti to eluirg(3 them fully, pro- 
vided they are connected to one anothcir? 
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ELECTRICITY IN MOTION * 


Detection 


AND MeASUUEMENT 


OF Klkctkif Cfuuknts 


308. Electricity in motion produces a magnetic effect. Let u 

p()W(;rfiilly <;luirgt‘il L(*y(l(‘U jar Ix' (liH<‘harg('(l liinnt;rli a rnil wliirh hut 
rounds an unuuif^uoti'/od kiiiUitig maxlU', insalal«‘il hy a lulus iu 

the marmoi* shown iu Kig. ti-Ki. 

After tho di.soliarg(\ tlu‘ ucixlh*, 
will ho found lo h(‘. dist.i nelly 
inagncUzed, If tlui sign of ilu^ 
cluirg(‘. on tin*, jar is rev(u\s(‘(l, the 
polt^s will in grnieral ))(*. nu’erse'd. 

I'lio (*,xp(u*iin(iiit shows that 
tlinrc is a (l(*-liiiitu <'oi)ii('(‘(.ioii 
boiwonii (d<H5tri(ul.y un<l mag" 
notism. dust what this (U)n- 
lUHitiou is wo do not yi‘t hnow 
with (‘.ortairity, but wo do kimw that nuigmdio. (‘ITc'ols an* always 
ol)Sorval)Io noar the path of a moving (*lt*(!trioiil ohargo, whih* 
no suoli olTo(d.s (am (W'ct Inj ohs(U‘V(‘d noar a oliargo. at rest. 



Kiu. ‘iHi, *Magiu*li‘/.ing elVerl- of spat k 
on knitting netMlh* 


To prove*, that a (charge, at rest <h»es not produce* a niagnetii^ elh*(*l, 
let a e.harged hohy la^ hi'ought insir a eeiinpaHS in*edle. It will allnu't 
(‘itlnu’ (‘.nd of tin*. n(‘edle with e(|ual readinesH. While the tieedh* in 
(h*(l(*.<*.t(*d, iuH(‘rt ln'twc'eij it and the. charge a slii'et '/ine, aiundfrnmu 
l)rass, or e{)pp(us d'his will aet as nw {*|ec!trie. stu't'en (He(‘ § 21H), p. 2:11 ) 
and will thendort*. eiit off all eih'et of tin*, (diarge. eonipasH net'dh* 
will at omu3 swing laude to its north-ainksonth [josition. 


* This (chapter sheulfl hu ju’ceiupanieil or, lu'ller, hy Ialn>riit<iry experi- 

ments on tho simjdo cudl and on tlx* niagix'th* oiTtxUs of a ouvrmit. Her, for oxam- 
plo, Exporiments 28, 2U, and 80 of iho aiilhcjrH' mantuil. 

240 


MEASUEEMEITT OF ELECTEIC CUEEENTS 241 


Let the compass needle be deflected by a bar magnet and let the 
screen be inserted again. The sheet of metal does not cut off the mag- 
netic forces in the slightest degree. 

The fact that an electric charge exerts no magnetic force is shown, 
then, both by the fact that it attracts either end of the compass needle 
with equal readiness, and also by the fact that the screen cuts off its 
action completely, while the same screen does not have any effect in 
cutting off the magnetic force. 



An clectrioal charge in motion is called an electric current^ 
and its presence is most commonly detected by the magnetic 
effect which it produces. 

309, The galvanic cell. When a Leyden jar is discharged, 
but a very small quantity of electricity passes through the con- 
necting wires, since the current lasts for but a small fraction 
of a second. If we could keep a current flow- 
ing continuously tlirough the wire, we should 
expect the magnetic effect to be much more 
pronounced. It was in 1786 that Galvani, an 
Italian anatomist at the University of Bologna, 
accidentally disciovered that there is a chemical 
mctliod for producing such a continuous cur- 
rent. His discjovcry was not understood, liow- 
ever, until Volta, while endeavoring to throw ligiit upon it, 
in 1800 invented an arrangement wliicli is now known 
sometimes as thci voltaic and sometimes as the galvanic (udl. 
This consists, in its simplest form, of a strip of copper and 
a strip of /jnc immersed in dilute sulphuric acid (Fig. ^247)'. 

Let tlie terminals of sueh a cell ])o 
connox'/fced for a few secumds to tlio 
ends of tlio coil of Fig. 240 wlnm an 
uumagnetiyx'.d needle lies witliin the 
glass tube. Tlui needle will l)e found 
to have become magnetized nuu!h 
more strongly tliau before. Again, 
let the wire which connects tlic terminals of the cell be lield above a 
magnetic needle, as in Fig. 248 ; the needle will be strongly deflected. 


Tio. 247. Rim- 
1)1 0 voUaic cell 




Fio. 248. Oerstod’H experiment 
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Evidently, tlicu, the wire wliicJi coiUKudH the t>(‘rniiualH of i\ 
galvanic cell carries a e.urreut of (.‘ItH’tricity. Uisloric‘ally the 
second of these exporiiHenis, performed by tlu^ l)anish physicist 
Oersted in 1820, pnuuidiul the discovery of llu^ magiu‘tr/ang 
effects of currents upon lUHslIt^s. It (a‘(‘al(‘d a giHuvt deal oi 
excitement at the time, it was tlu^ lirst clue, which 

had been found to a relationshij) between eU‘etricily and 
magnetism. 

310. Plates of a galvanic cell are electrically charged. Simtc 
an olectrie ciuTout Hows through a win^ us soon as itds touched 
to the zinc and coppeu’ .strips of a galvanic, cell, we at ou(‘e 
infer that the terminals of such a cell are idi’etrically charged 
before they are coiinecited. 'I'liat this is imltnul the eiuse may 
be shown as follows : 

Let a metal ])late A (Fig. 211)), eovtsHsl with nlnhao en its lowt'r nidt! 
and provided wi'li an inHclating liaudic, lu' placed upon a Hitnilar plaU* 
B which is \n contact with tlic knob (d an clectroHcopis LiU tlic ctjjjpcr 
plate of a galvanic coll be conuoctc'd with /I and Uu^ zinc with ii, 
as in Fig. i2I0, I'litui hit the connneiing wires 
be removed and the plate A lifted away from 
B, The oppositi^ electrical (diarges which were 
bound by tlieir inuiiial attra(dionH to tlu^ adja- 
cent fac(us of A and /i, so long as them? facu^s 
wei'O separated only by tlu^ thin e<jat of shellac, 
are freed as soon as .1 is lifUul, and licrKu*. part 
of the charge on B jiasses to the leaves of the 
electroscope. TIh^hm h‘aves will indeed he hcm-u 
to diverge. If an (I)onit(\ rod whi(!]i has hetm 
rubbed with naniK'l or cat’s fur is brouglit near 
the electroscope!, the heaves will tUverg(‘ still fartluT, thus showing that 
the zinc plate of thi^ galvanic cell is negatively ('hargtsl,^ If Uu* experi- 
ment is repeated with the eopptu* plate in cumiact with B and the zinc 
in contact with yl, tlu> leaves will be found to be positively charged. 

* If tho dofloctlon of tlie gold leaves is too small for piuposeH of demonstration, 
let a battery of from dvo to ten e.ollH bo used Instead of tho single cell. However, 
If the platos A and li aro threo or fiuir Imdios in diameter, and if their surfaoea 
are very flat, a alnglo coll is sufliciont. 



Kuj. illU. Hliowlng 
ehargoH cm plaU^s of 
a voltaic e.oll 
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The tenuiiuils of a galvanic (icll therefore cany positive 
and negative charges just as do the tcruiiuals of an eUujtrical 
machine iu operation. The + charge is always found upon the 
copper and the — charge u[)ou the /dut^ 4die sounjc of these 
charges is the cheiuic-al acd/iou which takes j^dacjo within the 
cell. When these tei’ininals an*. ('.oniu‘,(*,led by a {jonductor a 
current flows through tlu*. lattcu’ just as iu the, cjaso of the 
electrical luachiue, and it is (he uuiviu'sal c.ust.tnu to consider 
that it flows from positive to iu‘gativc‘. (sch^ ^ 300 and footnote), 
that is, from copper to /due. 

311. Comparison of a galvanic cell and static machine. If 
one of the terminals of a galvanie cell is touched direetly to 
the knob of a gold-leaf cleetrc)S(;opc^ without the us(i of the 
condenser |)lates A and B of Fig. 249, no divergemeo of the 
loaves will bo detected ; but if one knob of the staticj maebino 
in operation were so touclied, the leaves would probably bo 
torn apart by tlio violeueo of tho divergenc.o. Simu) wo have 
seen in § 801 that the (Iiverg(mc,e of the gold leaves is a meas- 
ure of the potential of the body to which they are (U)imccted, 
wo learn from this i*.X])eriment that the ehemutal actions iu the 
galvanui cell aui ablt*. ,to prodnc.i*. b(vtw(um its terminals but a 
very small potential dinV.re,nce in (‘.omparison with that pro- 
duced by the static, mac.hinc. b(‘tw(M‘,n its tc.rminals. As a matter 
of fac.t tlu\ poUmtial diffcnHnuuj bclwinm the terminals of the 
cell is about one voll., while, that l)etween the knobs of the 
electrical machim^ may bit as much as 200, 000 volts. 

But if ilut knobs of tlu; static, imuhine arc connected to the 
ends of the wire of Fig. 248, and thenuuhino opc*. rated, the cur- 
rent sent through tlus wint will not be large enough to produc.e 
any apprecdable elTect xipon the needle, Siuee undm* Uutse same 
circumstaneoH the galvanic c,ell product', d a very largo effect 
upon the needle, we learn that altliough the ttoll devc.lops a very 
small P.D, between its terminals, it nevertheless sends through 
the connecting wire very mucli more electricity per second 
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than the static ina(‘Iuiie is able to sc^nd. Tliis is Ixu'iiuso the 
chemical action of the cell is able to nuluirgi'. the plates to 
their small P.D. practically as fast as tlu^y an^ tlischar^(‘(l 
through the wire, wherc^as tli(‘, statics ina(*hiui^ r(M|uiri‘s a rela- 
tively long time to rechargi^ its tm'minals to their liigh IM). 
after they have beiai oiuu^ disetharged 

312. Shape of the magnetic field about a current. If wt* plufo 
the wire wliieh eouueet^i the platt's of a |j''alvauit‘ eell in a vortical posi- 
tion [Fig. 250, (1)] and explon^ with a eoiuj»ass tla‘ sliapt' of the 



magnetic field about the enrnmt, W(‘ Hud that thc^ tniigm*Ur linen are 
coiuumtrio cindes lying in a jdane jierptmdieuiar to the wire and having 
the wire as tlieir e-onimun emiter. If we nn’erse the direeUtJU (tf the 
current, we find that tiui diree.tiou in whitdi tlie coiupaHH ucetllt* pniuts 
reverses also. If tlui euvreut is vtn*y strong (say 10 amperes), this shape 
of the field eau Ixs shown hy scattering iron lilings on a plaU* through 
which the cuirnmt jjasses, in the manner shown in Fig. 250, (1). If tin* 
current is weak tin*, experiment slmuLd he pmdtirmed as indicateil in 
Fig. 250, (2). 

The relation bctwcum the dinudion in wbhd the tmrrcnt 
flows and the dirtiotion in which the N |xdc of the nccullc 
points (this is, by dclhiition, Uic dircedion of the magm*tk; 
field) is given in the following convenient rule: If the right 
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hand gms^n the wire as in Fig. 251, so that the. f.hum(> points in 
the direetwn in whieh the aurrent is floiuhig, then the magnetic 

lines eneirele the. wire in the 

same direction as do the fingers 
of tlio. hand. 

313. The measurement of elec- 

trical currents. El(H'.tri(uil (iur- ri^rht-iiand rule 

roiitH are, iii [((^ueval, nu^asiircd by tbo str('.np^tli of the map^nctic 
i‘.no(‘.t wliicJi tluiy are ahUi to produce uiidiir specific conditions. 
Thus, if the wire t^arry- 
a is ^woiuu^ 

liJ,l ,a U;o 

(•.enter ol. the coil is 
Hiniilar to that hIiowu 

currying a current 

in th(^ figure. 1 f, then, 

t1u^ coil is plae.(‘.d in a north-aiid-south plane and a compass 
ne.(ull(', is plac.ed at the (uuiier, the passages of the current 

through the edil U'.nds to dellec.t the needle 

so as to niak(i it point (‘.ast and west. The 

amount of defltudion under these conditions 

is takcni as the nuuisure of currcuit strength. S 

TIk'i unit of e.uriT.nt is cuilled the anipore and ran ' 

is in fac.t approximately the same as the cur- ^ w 

nmt whith, flowing through a’ circular coil I J 

of tlnxic turns and 10 eentimeUn's radius, si^t 

in a north-and-south plane, will producjo a t'en 2f)M. Bhnplo 

dcfku’hiou of 4-5 degrees at Washington in a 

small (uimpass needh^ placed at its center. 

.The It^gal definition of the amperes is, however, based on 
the chemical effect of a current. It will bo given in § 889, 
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Nearly all curreiit-moasurin^ iiisiriinuints e(nisisl. i‘.ss{^utially 
either of a small (iompass uetKlk^ at tlu^ of a fixi'd (H)il 

as in Fig. 252, or of a movable eoil 
suspended between the j)ole,s of a 
lixed magnet in the maniuu* illus- 
trated roughly in Fig. 252. Tlici pas- 
sage of the (uirrent through the coil 
produces a dtdleetion, in tlu‘. first (uis(s 
of the niagnetie iuuhII} with nd'tu- 
cnco to the fixed eoil, and in tli(‘. 
second ease, of th('< coil with rt*.l\u’caiet‘. 
to the fixed magnet. If tla^ instru- 
ment luis been (*,alibrat(‘d to givt^ 
the strength of the current iUrecdly 

in amperes, it is (ialkul mjwmrhr, A I..cmn.4al.U. 

otherwise i\ galvanoineter (Fig. 254). galviuu»uuaor 



QUESTIONS AND PROBLEMS 

1 . How could you tcHt wludlu'r or not tlu' Htivugth of an tdrctric 
current is tlui same in all parts of a circuit? 'fry it. 

2 . Under what conditions will an (dectric clmrgo prtHhuu' a tuagncdic. 
effect ? 

3 .. In what direction will tin*, north poh^ of a uiagiud.ie needle he 
deflected if it islield abov(^ a curnmt flowing from north to south Y 

4 . A man stands bcueatli a northuuuhsouth trolh^y line and IIiuIh that 
a magnetic needle in his luuul has its north pole deiU‘eted U»war<l the 
east. What is tlu^ direcd.ion of tin* e.urnuit fltmdng in tlu'. wird/ 

5. A loop of wirt^ lying on tins taid<^ carriers a current whhdi flows 
around it in clockwisti (lir(‘(S.ion. Would a north magutitic |Kde at i\w 
center of the loop tend to nu»V(‘ u[» or down? 

6. When a coinpjiss needh^ is placed, as in Fig, at the rnitldle of 
a coil of wire whieii H(‘s in a north-anrlsouth j>lane, the defh‘cti<m pro- 
duced in the needle by a (uirretit sent tlirougli the coil is appro^himtely 
proportional to the stunigtli of tin* curnuit, provided the deflection is 
small -—not more, for example, than 2(r' or 20 **; hut when the dt^flectlon 
becomes large — say Of)'* uv 70’’ -it increase's very mutdi mow slowly 
than does the current whie.U prodiuum it. Can you see any reason why 
this should be so? 
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ANi.ufe Marik Ami>J';uk ( 1 77r>»-l 880) 

Frniich jihynlcint uiul maUunuaiicitui ; hou af oiio of tho vlotims 
of the» giiiilotiiio In 17i>8; prof(’.ssor at tho Polytoclmlo School in 
I’arlH anti latto’ at tln^ l'olh‘Kn of Franc.o; l)ogan IiIh oxpodmontH 
mi i'liHU.V(»mHgn(itiMm In 1H20, voiy noon afttn’ OorHtod'H diacovory ; 
tmhllHlu'il hln griMit inmuolr on Iho inngnotlo offocta of cuvvontH 
in l8Uil; llrnt Htatfd Mu^ ruhi for lln^ indatlon hotwcum tho dlroolhm 
of a curnmfc in a wire and tho tllrotalou of tho magnotits field 
ahont It. Tho amporo, tho praotioal unit of tiurront, is named 
in hin honor 
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KmrruoMOTivic Foiuuo and Ri^sistan<jk 

314, Electromotive force aud its measurement.* "Fho poten- 
tial (1 inV.ri'.i UH'. a g‘alvaiu(j i.u4l or any oilun* generator of 

elec'.trieity is able. i.o maintain bet-wecMi its te.nuinals wlien 
tlu‘.sc t(*.nninalM ai*(i not e-onneetiul by a wire, tliat is, the total 
eleetrieal pressiin^ wbieli tlu^ generator is (*apal)le of exerting, 
is (unmnonly e.alUHl its vlr<‘tmnotiv(i f(>r<u\ nsnally abbreviaUal 
to IC.M.K, T/te .h\J\LF, of an elnotriml (jvnvmtor niay than he 
defined an itn aapaeitj/ for produnnu eleefrleal prenHan:^ or /\ IK 
I'his IM). might be measunitl, as in § JJOl, 
by the dolleetion protUie.ed in an eleetro- 
seope wlu‘n one terminal was eoniuuded to 
the eiusi^ of tlui eUietroseope and tlu5 otb(*.r 
terminal to the knob. DoUmtial (li[Tm‘- 
(iiUH'.H ari^ in facit meiusiund in this way in 
all so-ealb‘d (deetrostatic^ voltmeters. 

niore (*ommon type of t)oU5ntial- 
(lilb^n^ne.e measuna’ (‘onsists, liow(Wer, of 
an instrument made like a galvanonu'i-ivr 
(Fig. 254), save*, that i.lie e.oil of wlrci is 
itvade of very many turns of extrcanidy 
lim^ wins so that it (uirries a vtny small 
(Uirrent, Tbe amount of e.urrcmt wbieb it does e-arry, bowiwer, 
is proportional to the differene.e in cdee.trie.al pn^ssun^ existing 
betwet*.u its c‘.nds wbtm these are toiudied to the two points 
whose IM). is sought. The princuple underlying this type of 
voltmeter will be betUu’ understood from a e.onsideration of 
the following water analogy. If the stopcock K (Fig. 25)5) 
in the pip)e counoeting th(5 water tanks f/ and I) is (dosc^d, and 
if the water wluad A is set in motion by applying a wiiight IF, 
the wheel will turn until it creates sutih a dilTtu’enee in the 

*^ThlH HUbjcict 8ht)\ild Im pnuHKlod or atu'onipjuiliid by laboratory work on 
Id.M.K. Boe, for ©xampla, Kxporlmout 131 of tbo auLburb’ manual. 

t 
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Fro. 265. HydroHtaUc 
analogy of tho action 
of a galvanic (udl 
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water levels between 0 and D that tlu‘. back 
tlio left face. oE the wlu‘,el stops it and briiij^s llu^ 
rest. In precisely the same way tlu^ eheniieal action \v 
the galvanic cell whosi‘. t(‘.nu‘inals ar(‘. not joiiu'd ( 
develops positive^, and n(^gativ(‘. charges u[>ou (lu'si*. t.<»vnii 
that is, creattis a IM). b(itW(H»n ilusn, un(il the* back 
pressure through the c(‘.ll (liu‘. to this IM). is sulVicit^m, p 
a stop to further chemical ac.tion. The scat of the. 
at the vSiirfactes of contac^t (4’ tlu‘. nu^taLs^vilh tlu^ w 

the cluiiuical acjtions tak(‘. plac.t^ K.M.K. of ilu', (*t»l ( he 
water analogy in the wluud v/, whi<‘h cr(*aU^s 
the diri'ereiujo in water l('.vel lu'-twca^n r' and IK 

Now, if the water n^scuvoirs (Kig. 255) art*, 
put in coimnunic.ation by optaiiiig tlit^ stop- 
cock A5 the differt^.net^ in le.vtd betwei'ii (* and 
I) will begin to fall, and tlu*. whee.l will hi*giu 
to build it up again. But if tlu^ tnirrying caiuic.- 
ity of the pipe ab is small in comparison with 
the capacity of the wlieti to removes waiter 
from I) and to supply it to tluai iht^ dilTm*- 
eiuie of leve.1 whitfh permauc.ntly t'Kisls hctwtuai 
0 and J) when K is opt*,u will not he. ai>pnHiably 
smaller than when it is clostuL In this case the eurrtmt w 
flows through /!/>* may obviously In*, lakeu as a nunusur 
the diffurt3UC0 in pressuri^ which the l>ump is al)l(^ (<» luaiti 
bctwee.n 0 and J) wlaai K is tiosiHl. 

In prccistdy the same way, if th(3 tcrmiiials f/ and /> of 
cell (Fig. 2r)()) are comuuied by altmiiing to them the 
Biinals a and h of any couduet^or, iht^y at uiuu3 begin to 
charge through this tumductor, and their IM). tlunvitjrct bt* 
to fall. But if the (iiemical action in the c.ell is able io iHuin 
0 and D very rapidly in compaiison with tluj al)ility of 
wire to discharge them, ilum the IM). between f-aticl J) 
not be appreciably lowered by the presence of the connea 
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con line tor. In this case the c-urrent which flows through the 
conilnc.ting c.oll, anil tliianfloro the ilellection of the needle at 
its cc.ntcr, may he. laken a.s a nunisure of the electrical pres- 
siiri^ d(5veh>pcd hy ihe <u‘ll; that is, of the P.D. between its 
uiic.oniUM’.ted Un’ininals. 

The coininon voltnuitiu’ is, tlion, exa(‘,tly like an ammeter, 
savi^ that it olTers so high a riisistance to tlie passage of elec- 
triiaty througli it that it (lo(‘s not appnuuahly reduce the IM). 
betwec.u tlie points to which it is connected. 

» 

To (l(^t<'riinnc. (‘xp('nmcutally \vluU.h('r or not toac'.hing the ends of 
any jjartunilar ^^^alvanoinct.er to the terminiils of a c.ell chxss appreciably 
lowin’ Uu‘ir IM)., let th(' galvanotnc'tiM’ in (pu'stion^ bo connected 
(UriH’tly to tiu^ h*riuinuls of Uu^ cidl and the dedtus 
liion noU'd ; tluni let tlu‘. (shIh of a Heinmd coil of 
wire wliiidi lias t*xae.Uy the. Maine carrying (!a])acity 
aH tin> Kaivannm<‘U‘r coil lu*. hIho toue.hed to the 
ti^rminals, the, galvanometer coil being Htill in cir- 
c.uit. If tln^ Hecond (?oil luiH Hiidhtimit carrying 
caiuLcity to appreciably (liwchargi*. tlu^ berminalH, the 
(lidlection of the lunslle of the gal vanoine.Uu* will he 
iuHtantly (liininiHlu'd whmi tlu' midH of th(^ Hiu’ond 
c.oil are. brought info conlae.t with them. If no Much Fio. 257. Locturo- 
iliiuinution in ohMerv(‘d,wi‘ may know that th(‘ Hc.cond table voUmetor 
t*(»il do(‘H not (liHchargi^ tlu'. terniinalM of tlu*. (udl fant 
enough to apjireciahly lower their IM)., and luuice that tlie introduction 
of thi'. lirnt coil, which wan of eipial carrying cai)aciby, also did not 
appreiuahly lower the IM). hi’.twcum tlu^ tm’miiuilM. To hIiow that a coil 
of grmitm’ carrying cajuicity will at om^e lowin’ the IM). between C and 
I> a.s Moon an it in tomdmd ai^roHH them, let a coil of thicker wire bo so 
toue.hed. Tlie deflecUou of the needle will be diminiHlied instantly. 

315, The electromotive forces of galvanic cells. Let a voltmeter 
of any Horl connected to ihe terininalH of a Himjde galvanic coll, like 
that of Fig. 247. 'riien let the iliHtauce between the jilatcs and the 

^ A vertical lec.ture4able velttueter (Fig. 257) and a Himilar ammeter are doHir- 
able for this ami Home of the following experlmentH, hut homemade high- and 
low-resistance galvaruimeters, like those tleHcrll)(3d in the authors’ manual, are 
thoroughly satisfactory, save for Uie fact that one studuut must take the readings 
for the class. 
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amount of their immersion be changed through wide limits. It will I")© 
found that the deflection produced is altogether independent of the 
shape or size of the plates or their distance 
apart. But if the nature of the plates is 
changed, the deflection changes. Thus, while 
co^jper and zinc in dilute sulphuric acid 
have an E.M.F. of one volt, carbon and 
zinc show an E.M.F. of at least 1.5 volts, 
while carbon and copper will show an 
E.M.F. of very much less than a volt. 

Similarly, by changing the nature of the 
liquid in which the plates are immersed, 
we can produce changes in the deflection of 
the voltmeter. 

We learn therefore that the E.M.F, 
of a galvanic cell depends simply upon 
the materials of which the cell is com- 
posed and not at all upon the shape, 
size, or distance apart of the plates. 

316. Fall of potential along a conductor carrying a current. 
Not only does a P.D. exist between, the terminals of a cell on 
open circuit, but also between any two points on a conductor 
tlirough which a current is passing. 

For example, in the electrical circuit 
shown in Fig. 258 the potential at 
the point a is higher than that at m, 
that at m higher than that at n, etc., 
just as in the water circuit shown in 
Fig. 259, the hydrostatic pressure at 
a is greater than that at m, that at m 
greater than that at n, etc. The fall 
in the water pressure between m and 
n (Fig. 259) is measured by the water 


Fio, 258. Showing method 
of connecting voltmeter 
to And P.I). between any 
two points m and n on an 
electrical circuit 


head n^s. If we wish to measure the 



fall in electrical potential between 
m and n (Fig, 258), we touch the 


Fig. 269. Hydrostatic anal- 
ogy of fall of potential in an 
electrical circuit 
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kinuiiials of a vol(.nu^i(‘r to tlieso points in tlio iimiiuoi* sliown 
in the ligun^ Jts nuwlin^^ gives us at once tlio IM). l)otwcon 
1)1 aiul '//. ill volts, provided always that its own (uirrent-oanying 
(tapaoity is so small that it doc^s not apprec-iably lower tlio IM). 
botwoi^ii t.bo points m and n by Ixnng toiiohod across them; 
that is, providtsl tlio c.urront wliudi Hows tlirongh it is nogli- 
giblo in (smiparison with that whioli Hows through tho oon- 
(hudiOr whic.ii already joins tho points m and ii. 

317. Electrical resistance.* L(‘l, tlu'. (virc.uil. oi* a g'alvanio cell bo 
(M)niieel.(‘(l through a l(‘eUire.-tahle ammeU'r, or any low-resistance gal- 
vanometer, and, for (^xanijih^, 20 fetd of No. hO (topper win‘, and let tlie 
dcdle.e.tion of th(^ m‘e.dl(*. l)e noted. Idien led the copper wire be ri^placed 
by an ecpial hmgth of No. 00 (hunnati-silvtu' wire. OMie d(‘(lectit)n will 
b(^ n)uud it) be. a V(wy small fraction of what it was at first. 

A ooll, tlimnd’oro, whudi is oapablo of dovedoping a (H*.rtiiin 
lixiul (diu'trioal pn‘ssun^ is al)h‘. to fore.o very nmoh more our- 
ront tlirongh a givtm wire^ of (uiinior than through an cnx- 
atddy similar wire of (Jm’man silver. Wo say, tlioroforo, 
tliat (h‘.rman silvo.r olTevrs a higlun’ irmtance. l.o tlu^ passage^, 
of oloc.trioity than doi*s o-oppeu'. Similarly, (^^(vry jiartienilar 
substauo.o lias its own (duirae.toristic*. power of transmitting 
olo.cttrio.al onrro.nts, Sinoo silven* is tho host c.ondmttor known, 
re^sistaiKH'S of different suhstanccts an^ e.ommonly ndorred to 
it as a standard, and thi‘. ratio iKvtwtum tho re^sistanoe of a 
givem wire of any substano.o and the re^sistauoo of an exactly 
similar silvin* wire is oalhul tho Hpeoifia remtanae of that sub- 
stance. H'ho spoeilio resistanoos of some of the eoiumoner 
metals in terms of silvm* are given below: 

Silver , . . 1.00 Soft iron . . 0,00 (human silver . 14 20 

(Copper . . . 1.11 Nickel . . . 4.07 Hard hOmO . . l.d.f) 

Aluinimun . 1.87 Platimim . . 7.20 Meircury . , . 08.1 

Hulijfu’t hIujuUI be accoinpanlml and followed by laboratory cxporlmetitH 
on OhnPs law, on tlic cotuparison of wire resistaiiccH, and on the nieasuremoiit of 
internal roslstamjwa. Sue, for uxtuupbs, ICxpcudmeuts 02, 00, and 04 of tho authors’ 
manual. 
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The resiatanm of anj/ <u)ndii(-t(fr '/« direvdif proportional to 
its length and inversdy proportional to the arm of its trosi\ 
section, 

Tlie unit of rosiatanco ia ilu‘< ohm,, so oallt'd in honor iho 
great Gorman pliysioLst, (}(‘org Ohm (17Si) 1851), A h'UgMi 
of 9.35 feet of No. 30 (*,op})or ^vin^ or 0.2 inohos of No. 30 
Gcrman-ailver wire^ luus a resistance of about oni*. ohm. The 
legal defi 7 iitum of the ohvi is a resist((n(r vtfual to that of a rolamn 
of inerexivy 10G.3 ccntvmdvrs long axid 1 s(p(are inlUunvter in 
section,^ at 0° 0. 


318. Resistance and temperature. Lt't iho riiviut of a K^alvauir. 
cell bo ck)a(3(l through a very low-n'HiHtiuu^ti gulvanoiiuh.rr aiul about 
10 feet of No. .iO iron wini wrapjK^d alu)ut a Htrip (»f ii.sbcHloH. lad the 
deflection of the galvanonu3ti‘r he ohstu'ved aw the vvin^ is luniietl in a 
Bunsen flame. Ah the teiuperatiiro rises high(‘r and higher tlu' eurnud 
will be found to fall eoutiuually. 


Tlie experiment sliows that the resistance of iron i)ierease» 
with rimig temperature, 'riiis is a general law which holds for 
all metals. In the case of Ihpiid eoiidnt'tors, on (1 k 3 <itlu‘r luuid^ 
the rosmtanee usually (huiveasi's with iucreasiiig lemptu'ature,. 
Carbon and a few’ otlu'.r solids show a similar ludiavior, (he 
filament in an ineandestumt eUudrio lamp having only about 
half the resistaiute when hot which it has when cold. 

319. Ohm^s law. In 1821) Ohm annonneed tlu*. discovery 
that the cnirrcmts furnished hg dlferent gafeanie veils,, or eomln- 
nations of aells^ are alwags direetlg proportional to the hlhLhVs 
existing in the cirmnis in which the eurrents Jlon\ and inrerselg 
proportional to the total tesistances if these eircuits : that is, if (■ 
represents the enmsnt in ampenis, hi the E.M.F. in voU«s, and 
E the resistance of the eircAiit in ohms, then Ohm's law as 
applied to the complete einsuit is: 






that is, current 


(dec.tromotivo force 
resisUuiee 


( 1 ) 


(iKoiK! Simon Ohm (l7H7"“18r)4) 

(h‘nnaii pli^vsIt’lHt and <U«(M)vm’nr of t,ho famoiiH law la phynicm 
which hcarn bin name. Ho wan born and (‘ducated at Kvlangcn. 
It waH in lH*^d, while Ini was teucldiiji^ nnUhemalics at a gyai- 
nasinm In (’(hogne, that Ijc published his faiuou.s paper on the 
experimental proof (jf Ids law. At the time of his dealh he was 
j»rofeHsor of experiinenlal physics in tlie unlvor.sil.Y at Munich 
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As applied to any portion of an electrical circuit, Ohm’s 
law is 

. . potential difference 




r 


; that, is, (airront — 


resistance 


( 2 ) 


.wliero IM). r(‘.pr<'.s(uits t-la^ difrcroncc of potential in volts hc- 
twoeu any two points in Ok*, ciinniit, and r the resistance in 
ohms of th(‘ e.ondiK'.tor (•,onneetin^' theses two points. This is 
one of the most iin[)ortaut laws in })liysi(is. 

iiol.h of the. above statements of Ohm’s law arc iueduded in 
the ecpiation : 

volts 

amperes 

ohms ^ 


320. Internal resistance of a galvanic cell. Lnt tht^ zinc and 

(*oj»|M*r plali(‘H of aHiniplc ^alvanic^ ccdl l)c (^oiuK’clcd l,o an amnH'.tcr, and 
the. dintani't' ln'twcvt'u tin' jdatc's Unni intn-caHiul. 'fhe dnllcction of the 
fi(‘f‘dl(' will ho foiunl ht d(*c-ro.aH(‘ ; or, if ilui amount of inuncrHioii is 
dottn'HHoil, tiio (nirront also will d(Mn'oaHo, 

N{)W, sine(‘. tht‘. E.M.K. of a e(dl was shown in 4^ 315 to be 
wholly ind<‘,pt‘n(l(mt of tln^ aj'ea of tin*. j)latos imnuirsod or of 
tlu*. distamto ludiWCM'n tlumi, it will be siuni from Ohm’s law 
that the. (‘hanj^o in the enrnmt in tlusse (tases must he duo to 
somth(dian|iJ!;t^ in tlui total u^sistane.e of tlici eirouit. Since tlie 
win^ which (*oustitutes the. outside portion of the e-ircuit has 
iHunaiiuul th(‘, sanu^, W(‘. unust comdudo that ihn liffuid toithin 
Iho, ee//, (tH Wf^ll an the. twIi^niaL ve/Vr, aU'evH re.HiHtaui'a to the pm- 
Hatfc of thr rurrcNf. This internal rtisistam;c of the ]i(|ui(l is 
(lircud.ly proportional to l.h(5 distamu'. h(‘tw(?(m tin? j)lat(!S, and 
iuvcn’S(dy proportional to tin*, ar(‘a of the iinm(u\s(‘,d portion of 
the plaU'.s, 1 f, tlum, we. ve.i>reseut tluj (‘.xternal rosistauct^ of th<‘ 
eireuit of a galvanic, e.ell hy J\\ and the inh'.rnal by Ohm’s 
law as applied to the (mtin^ eireaiit takes the form 


a; 


( 4 ) 
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Thus, if a simple cell has an internal resistance of 2 ohms and an 
E.M.F. of 1 volt, the current which will flow through the circuit when 
its terminals are connected by 9.35 ft. of No. 30 copper wire (1 ohm) is 


^ = .33 ampere. 

321. Measurement of internal resistance. A simple and direct method 
of finding a length of wire which has a resistance equivalent to the 
internal resistance of a cell is to connect the cell first to an ammeter 
or any galvanometer of negligible resistance* and then to introduce 
enough German-silver wire into thfe circuit to reduce the galvanometer 
reading to half its original value. The internal resistance of the cell is 
then equal to that of the German-silver wire. AVhy ? A still easier 
method in case both an ammeter and a voltmeter are available is to 
divide the E.M.F. of the cell as given by the voltmeter by the current 
which the cell is able to send through the ammeter when connected 
directly to its terminals; for in this case of equation ft) is 0 ; there- 




^f ore Ej- = • This gives the internal resistance directly in ohms. 

C 


r 


^ 322. Measurement of any resistance by ammeter-voltmeter 

method. The simplest way of measuring the resistance of a 
wire, or in general of any conductor, is to connect it into the 
circuit of a galvanic cell in the manner 
shown in Fig. 260. The ammeter A is 
inserted to measure the current, and the 
voltmeter V to measure the P.D. between 
the ends a and h of the wire r, the resist- 
ance of which is sought. The resistance 
of T in olims is obtained at once from the 
ammeter and voltmeter readings with the 





Fig. 260. Ammeter- 
voltmeter method of 
measuring resistance 


aid of the law G = 


P.D. 


from which it follows that r = 


P.D. 


r G 

Thus, if the voltmeter indicates a P.D. of .4 volt and the amme- 


ter a current of .5 ampere, the 


4 

resistance of r is — = .8 ohm.t 


* A lecture-table ammeter is best, but see note on page 249. 
tThe Wheatstone’s bridge method of measuring resistance is recommended 
for laboratory study. See, for example, Experiment 33 of the authors’ manual. 
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Fk;. iilU, Scric.s C{)Uiu.H’.t.iunH 


323. Joint resistance of conductors connected in series and in 
parallel. WIumi i*(\sLsla.n(*i‘s uro ciomujetcd as in Fig. 2G1, so 
t.liat 1/ho saiiu^ (Uirnail. ilows 
Uin.ugh «a.'.Ii (.r tlumi in 
suoiH'Ssion, th(‘y luv, sai<l lo 
ho. ('.(^inKH'U'd hi arnt'.s, 'Tho. 
iotul n'sist.uiifi'. of aiuunh(u* 
of (‘.ouduciors so coniKud.iMl is Uh', sum of lh(j s(iV(u*al resist- 
ance's. 'rims, ill tlu'. cas(‘. shown in, Llu‘, liguri^, the total 
resistance'. IxdAVce'ii tr and /> is 10 eilims. 

Wlu'.n n e'xaed.ly similar emndue'.Leirs arc joimxl in the 
manner slmwn in r'ig. 202, that is, hi tlio total 

re'.sistaiu'e^ bedAVi'em a and /) is l/n e)f tho rosistaneto of one of 
tliemi ; lor, ohvieaisly, witli a givem IM). 
heUAVeu'ii ilu^ peiints a and //, four conduc- 
tors will e*arry four time's as much eair- 
rewit as erne*, and u c.oneluc.tors will enirry 
u time's as mue*h currc.nt as einc.. 'riuuv,- 
fore\ the', vc'sistane'.e', whieh is inveu’sedy 
propeirtional to the carrying capac.ily (si'.e‘, 

^310), is i/ii as much as UiaL of one'.. 

Kve’U if the re'sisl.aiice's arei not all alike, siiie.e^ the^ teital 
c.urre^nt (• hed\ve*e*n n and A is obviously tlie^ sum eif the euirremls 
ill the', hrane'lu'S, that us, siiu'e'. h wti have at 

I 1 . 11.1 



Fkj. 2ei2. Panille'l tton- 

lU'.C.I.ioJIH 


oiici' ilu* joint rc'sisl.auce^ A’ isgive'ii by 


/i 


-f" ' ■ -j- " • -}- 

^ K ^^4 


324 . Shunts. A wirt^ e.oniuH'U'd in jiarallel willi another 
wire^ is saiel to lu^ a a/ufut te) that wire. ^ 

'rims the', e'onelmd.eir .V (Fig. 2 ( 13 ) is saiel 
te) he Hlmntetd ae'ross the roHlstanejo JL 
Ihuhu* Hiicli e'ouditions the eurrentH cav- 
riutl hy H ami .V will ho iuversedy proportional to tlu'lr re- 
HistaneeK, ho Uial., if A* is 1 ohm and ii! 10 ohms, Jt will carry 
Yq as much current as A\ or wliolo ciuTent. 


Fne y(JS. A hIuuU/ 
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QUESTIONS AND PROBLEMS 

T’wo wires of the saine material but of diametei's in the I’atio 

1 to 2 are connected in series in thfi same electrical circuit. Xlie fall of 
potential in the smaller wire is 2 volts per foot of length. What is it in 
the larger wire ? 

2. If the potential difference between the terminals of a cell on open 
circuit is to be measured by means of a galvanometer, why must the 
galvanometer have a high resistance ? 

3 . How long a piece of l^o. 30 copper wire will have the same 
resistance as a meter of No. 30 German-silver wire? 

4 . The resistance of a certain piece of German-silver wire is 1 ohm. 
What will be the resistance of another piece of the same length but of 
tvsdee the diameter ? 

5 . How much current will flow between two points whose P.D. is 

2 volts, if they are connected by a wire having a resistance of 12 ohms V 

6. What P.D. exists between the ends of a wire whose resistance is 
100 ohms, when the wire is carrying a current of .3 ampere ? 

7 . If a voltmeter attached across the terminals of an incandesceut 
lamp shows a P.D. of 110 volts, while an ammeter connected in series 
with the lamp (see Fig. 260) indicates a current of .5 ampere, what is 
the resistance of the incandescent filament? 

8. Ten pieces of wire, each having a resistance of 5 ohms, are con- 
nected in parallel (see Fig. 262). If the junction a is connected to one 
terminal of a Daniell cell and d to the other, what is the total cnrreiit 
which will flow through the circuit when the E.M.F. of the cell is 1 volt 
and its resistance 2 ohms ? 

9 . a' voltmeter which has a resistance of 2000 ohms is shunted, 
across the terminals A and of a wire which has a resistance of 1 ohm. 
What fraction of the total current flowing from A to B will be carried 
by the voltmeter ? 

10 . In a given circuit the P.D. across the terminals of a resistance 
of 19 ohms is found to be 3 volts. What is the P.D. across the termi- 
nals of a 3-ohm wire in the same circuit ? 

Pbimary Cells 

* 325, Study of the action of a simple cell. If the simple cell 
already described, that is, zinc and copper strips in dilute sulphuric acid, 
is carefully observed, it will be seen that, so long as the plates are not 
connected by a conductor, fine bubbles of gas are slowly formed at the 
zinc plate, but none at the copper plate. As soon, however, as the two 
strips are put into metallic connection, bubbles appear in gi’eat numbers 
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abouL Uic* (U)pj»(‘r plaU^ same tune a current niani- 

f(‘HtH its('lf ill t-lu^ •(•i)nni‘{‘tiu‘r wire. 'Vlwm are hubblea of liydrogen. 
'riieir appiMiniiiet' on the zim^ may be ] in'.vmib'.d 
(‘itlier by usini^’ a iilati* of elimnh'ally pur(‘, ziiie or 
by aiualjA'aniaUujjf im}>uv(‘. zine; that la, by eoatinj^ 
it ov(‘r witli a thin film of ni(‘reiny. But the Imb- 
bl(\s on tlui eopp(‘r eanuot be, thus (lis]»os(‘(l of. 

'rh(\y an‘ an invurial)li‘. aia'.ompauiuK'ut of th«‘. (uir- 
reut in th(‘ e.ireuit. If tin* eurreut. is allowinl to 
run for a eonsidi'.ralih* tiuu*, it will Ix' found tluit 
tlie ziu(^ wastes away, eviui thou^'h it has been 
am algal uaU'.d, but. that tlu^ eoppev plate does not 
undergo any (*hang(‘. 

Wo loam, l.luu‘cvf( )!•(*, that tlio ol(H*.triiail 
o.urnmt in tlu^ simple (‘,oll is ao(*,ompaiii(Ml 
with tho (Uiting uj) of the v/mo plato by tho liquid, and by tlio 
(^volution of hy<lro|rmi Indiblo.s at; tho (uippor plato. In ovory 
typt* <d’ pilvanio, (*(dl ao.i.ions siinilai* to Uu‘.so two arc always 
I’onnd ; that is, nan of (hr. plnfru lh ahrai/,^ ratrn mid upon thr 
other plate Home element ie deposited* Tlu^ plato whiedv is caton 
is always tho ono wliiidi is fonnd to ho nogativoly charged 
wluai tested as in § HIO, so that in all galvanic, (‘-ells, when 
tho terminals are c-onnoc-Uul throngli a wire, tlui lu^gaiivo 
(doctricity flows through this wire from tho eaten plato to tlio 
unoaton plab^. 'riiis moans, in aooordane.o with tho (umvoniion 
racntioxied in § 800, that the. direction of the (nirrcMt 
through the external drauit is ahimys from the 
uneaten to the eaten plate. 

326. Local action and amalgamation. Tho oatiso 
of tho appoaranco of tho hydrogen bubbles at tho 
surface of impure m\o when (lipped in dilute sub 
phuric acid is that little electrical circuits are sot 
up between ilu^. zinc, and the small impurities in notuil action 
it, — carbon or iron particles, — in the manner 
indioatod in Fig. 205. If tho zino is pure, those little local 
OurrentH cannot, of course, be set up, and consequently no 




Fid. 204. Cllumiical 
actioiiK in the vol- 
taic coll 
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liydrogou Inibbles appear. AmaliJ^amalion steps this so-(‘alU‘d 
local action, be.oa\ise the inercury disselvrs tlu' y.inr, while it, 
docs not dissolve the earbon, iron, or oth(*r iiu[)urif h's. 'I'lm 
zine-inereury ainalg'am ronm‘d is a homogeuoons substaui'e 
wliicli spreads over th(‘. \vhol(‘. surrac(‘. and eovto’s up the 
iinpuriii(‘.s. It is lniporta.nt, IhtaHd’ons to ainal^umab^ llu^ ziiie. 
in a battery in order to [nnwent th('. etaismnid-iou of ilu‘. '/due 
when ilie cell is on optai eire-uit. Tlu'. '/due. is uiidtu’ a.ll (dreuui- 
stanccs eatcai up wluai ilu^ eurnad. is ilowiu^, aiual|^aiualiou 
serving only to prevent its <‘()nsuiu[>tiou wlu*n the cdreuit 


is open. 

327. Theory of the action of a simple cell, A situplt^ ecdl 
may 1)0 made of any two dissimilar nudals inmuu'sed in a sohi** 
tioii of any acid or salt. For simplicity ltd. us t’Kuiuiiu^ Urn 
action of a cell tunuposed of ])laU‘.s of '/due 
and copper iiuniersed in a diluti*. sohi- 
tion of hydrochlorui acid. The cJumiitnil 
formula for hydrochloric, acid is IlCd. 

This means that eac.h niolec.ule of tht». 
acid consists of oiu^ atom of hydrogtm 
combined with one atom of c.hlorhu^ 

111 mH‘-ordance with the tljeory now in Hhowlngdhmn- 

vogue among physitdsts and eluMnis(.s, uf hydrcudilorlc 

when Jiydrochloric aead is nuxtul with 

wacer so as to form a dilute solution^ the lUU moletniles split 
up into two eletdrituilly cdiargtul parts, ttalUul ionH^ tlu*, hytlro- 
gon ion carrying a positive eluirge and the chlorine ion an 
ecpxal negative charge (Fig. ‘2()()). ddiis pheuonumon is known 
as dmoaiatiofL The solution as a whoU) is luuitral ; that is, it 
is uncliargcuh because it contaius just m numy positive as 
negative ions. 

When a zinc, plate is placed in such a soUition the acid 
attacks it and pulls /due atoms into solution. Now whenever 
a metal disBolves in an acid, its aloms, fur some \p\^nqwn 
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reaHOii, into Bolntion bearing littlc 3 positive charges. The 
(iorrei^pondinji ncijatwc. eliar<ieH vvmt be left on the zinc plate in 
precisely tlu‘, same 'way in whi(*h a negative charge is left on 
silk wlum p()sil.iv(‘, eku'trilicuition is produced on a glass rod 
by rubbing it with tlui silk. It is in this way, then, that we 
ac.c.ount for tlu‘, lu'.gativti charge whi(‘h we found upon the 
zinc. plat('. in tlu‘. (‘.xperhmmt which was performed in eoii- 
nec.tion witli § 'fid. 

''.riuj passagt3 of positiv(dy ehargc^d zinc, ions into solution 
givt%s a ))ositive charge^, to the solution about the zinc plate, 
so that the hydrogen ions tend to be repelled t{)ward the cop- 
per plate. Wht‘u thesi'. r(!|)cdl(‘.d hydrogen ions reach the copper 
platis sonu^ of them give up their charges to it and then collect 
as bubbh^s of hydrogen gas. It is in this way that wo account 
for tlu^ positivt^ (harg(3 which we found on the eopp(U’ plate in 
the experiuuuit of § 810. 

If the zinc, and c.oj^iK'.r platens av(3 not c.oniu'.cted by an orit- 
sidi3 couduc.tor, this passagt^ (d‘ positively c.harged zinc ions 
into solution continues but a veuy short time, for the zinc soon 
bec’.omes so strongly chargc.d ncgativtdy that it pulls back on 
the + zinc ions with as much fore.e as tlu^ atnd is pulling them 
into soluUiuK In pre(‘.isidy the same way the eoppiu’ plate soon 
c.(3}us(‘,s to tak(*. nj> any mon^ j)ositive (dec, trie, ity from the hydro- 
g(‘n ions, shuH'. it soon acujnin's a large emough + cduirge to 
rcipel them from itself with a forc.c^ CHpuil to that with whi(di 
tluy are Inding (lriv(‘n out of solution by the positividy chargcul 
zinc, iotiH, It is in this way that wo ac(3ount for tlie fact that 
on open circuit no idiemical action goes on in the simple gal- 
viuiic ccdl, tlu^ ziiH*. and copper plates simply Ixicomiug (tharged 
to a delinit (3 dilleretu^e of potential which is called tlm E.M.F. 
of the cudl. 

When, liowevtw, Urn (‘.upper and zinc plates arc^ conncctod 
by a wire, a current at onc.e Hows from the eoppcu* to the zinc 
and Uie plates thus begin to lose their charges. This allows 
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the acid to pull more zinc into solution at the zinc plate, and 
allows more hydrogen to go out of solution at the copper plate. 
These processes, therefore, go on continuously so long as the 
plates are connected. Hence a continuous currentflows through 
the connecting wire until the zinc is all eaten up or the hydro- 
gen ions have all been driven out of the solution; that is, until 
either the plate or the acid has become exhausted. 

328. Polarization. If the simple galvanic cell described be con- ^ 
nected to a lecture-table ammeter through two or three feet of Ko. 30 
German-silver wire, the deflection of the needle will be found to decrease 
slowly; but if the hydrogen is removed from the copper plate (this can 
be done completely only by removing and thoroughly drying the plate), 
the deflection will be found to return to its first value. 

The experiment shows clearly that the observed falling off 
in current was due to the collection of hydrogen about the 
copperplate. This phenomenon of the weakening of the current 
from a galvanic cell is called the polarization of the cell. 

329. Causes of polarization. The presence of the hydrogen 
bubbles on the positive plate causes a diminution in the 
strength of the current for two reasons : first, since hydrogen 
is a nonconductor, by collecting on the plate it diminishes the 
effective area of tlie plate and therefore increases the internal 
resistance of the cell ; second, the collection of the hydrogen 
about the copper plate lowers the E.M.F. of the cell, because 
it virtually substitutes a hydrogen plate for the copper plate, 
and we have already seen (§ 315) that a change in any of 
the materials of which a cell is composed changes its E.M.F. 
That there is a real fall in E.M.F. as well as a rise in internal 
resistance when a cell polarizes may be directly proved in the 
following way : 

Let tlie deflection of a lecture-table voltmeter whose terminals are 
attached to the freshly cleaned plates of a simple cell be noted. Then 
let the cell’s terminals be short-circuited through a coarse wire for half 
a minute. As soon as the wire is removed the E.M.F., indicated by the 
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voltmeto, will bi^ found to ]u‘ luiu'h low(‘r than at first. It will, how- 
ever, gradually <u‘e('j) Ijae-k 1-oward its old valun as the hydrogezi disap- 
pears from th(^ jilat.e, but ti thorough (^leaning jind drying of thi‘ [hate 
will b(*, ii(‘e(‘ssary to nsston* coiuph'tely tht^ original lO.lVI.K. 

'’.riio (liri'i'nuit, fonns of o'alvanic. t‘(dls in (‘onnnon \m\ 
cbiclly in (lilTinHuit (K‘vi('es (unploycul idtlun’ bu* disposing of 
the hydrogen hnhhhts or for pn‘.v(Mi(ing iluur 
fonuaiiou. The most c.oininon ty[>(‘s of such ctdls 
are desc.rihed in the follow- 
ing sections. 

330. The Daaiell cell. 

The Dauiidl cidl .e.ousists 
of a ziiui plate ininun*s(‘d in 
zinc, sulphate and a eo[)p(‘r 
plat(‘. imiuers(*d in copper 
sulphaUs fh(^ two litpiids 
being kept apart e.ither by 
nuuins of an unglayaul eartlum c,up, as in tlu' typ(^ shown in 
Kig. 2()7p^ (»r(dsi^ by gravity, as in tlu', type shown in b'ig. 2(58. 
This last type*., e.ominonly c.alliul th(‘, gravity, or crowfoot, type, 
is used almost exe.luHiv(dy on te.hgraph liiu'S. 

The (topptu' HUlphatis being the liiuivii'r of tlie 
two licpiids, unnains at tlu^ bottom about the 
copper plate, while the '/due. sulphab^ remains 
at the top about tlu^ /amt plaU^ 

111 this (tell polari'/atiou is almost (tutirely 
avouhtd, for the rttason that no opportunity is 
givctu for tlut formation czf hydrogen huhbhts. 

For just as the liydrotthloritt aeid solution de- 
sctrilnul in 55 ^^27 ctonsists of positive hydrogen ions and mtgativo 
chlorine ions iu water, so the zimt sulphate (ZiuSO^i) sohituyn 
consists of positive zimt ions and negative HO^ ions, and the 

*a'() Hftt up, fill thu battwry jar with a HatumUMl hoIuUou of coppor Mulpbat©. 
Fill the porouM eup with water aud add a handful of zinc Hulphate eryatalu. 

t 
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( 3 ()ppor siilplial .0 Kolntion of posiiivt^ coppi'r ions uinl nogativo 
S()^ ions. Now ilu‘< zinc, of tlu', ziiu*, })laU*. gcu‘s iuio sohiluui 
ill the ziiK*. siilplialt? in pi’(‘t‘is(‘Iy (Ik^ same way (!ia(- it go(‘M 
into solution in ilui liydroc'liloi’ic. acid of llic siinph^ cell d(‘- 
scribed in § 827. Tins givers a posilivc charge (t) (la* solulion 
about the ziiu*. plat-c, and (‘auscvS a iuov(‘UU‘nt of the [uisilive 
ions bctwe.cn the two plates from ilu^ ziiu^ toward the eoi»per, 
and of negative ions in the opposite dir(‘.(‘tiim, both th(\ Zii and 
the ions be.ing able to pass through tlu*. porous cup. vSiuee 
the positive ions about the e.opixn* l)latt^ (unisist of atoms of 
copper, it will be stuai tliat ila*. matm'ial which is tlrivim out 
of solution at the eopper plaits instead of Indug hydrogen, ns 
ill the simple ee.ll,. is uuttallie copper. Sineis then, tint tdeiutml 
which is deposited on tlui (a>[)i)(*r plaits is tlu^ saim^ as that of 
wliieli it already cionsists, it is (dear that neitlu'r ilie. K.M.R 
nor tile resistance of the e.tdl (uiu hi'* (dumg(*d ImcauHi' of tliis 
deposit; that is, the (‘ause of the polarization of tlut simpU^ cell 
has been removiul. 

The great advantage of the Daniidl ludl lu'S in llu^ ndatividy 
high degree of (*onstauc.y in its MM.R ( t.OH volts). It has a 
conn)aratively high inti'rnal ntsistamm (one to sik ohms) and 
is tliercfon^ incapabhi of producing v(‘ry largi^ mirrimls, about 
one ampere at miist. It will furnish a vmy constant curnnit, 
liowcvor, for a great length of time, in fa(!t, until all of the 
copper is drivcm out of tlic, copper sulphait^ solution. In onlm* 
to keep a constant supply of ilui copptT ions iu the sidulion, 
copper sulpluitii crystals are k(‘pt iu ilie compartnumt N of the 
coll of .Fig, 267, or iu the bottom of thti gravity (*(dL I'ht'Hii 
dissolve as fast as thij solution loses its strength through the 
deposition of copj)er on tlui (x>],)ptw ))late. 

The Daniell is a so-called ‘hdoscnkurcuit’’ cell; that is, its 
circuit should b(^ left closed (through a resistance of thirty or 
forty ohms) whenever the (udl is not iu usi'.. If it is hdt on 
open circuit, the copper sulphate diduHcs through the porous 
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cu}) and a brownish muddy deposit of copper or copper oxide 
is forimul upon tlu‘, /due.. Pure copper is also deposited in the 
pore.s ()l tlie, jKirous tuip. Both of these actions damage the 
e.eli. WluMi tlu‘, einuiit is (dosed, how(iV(U*, since the olectric.al 
ionnis always k(H‘p l.lui c-oppcu’ icnis moving toward the copper 
plates tlu^si'. danuiging (dV(',ets arc>, l,o a 
large', (‘.xti'ut avoid(uh 

331. The Weston normal cell ; the volt. 

This cudl (‘.ousists of a positive (d(H*.trod(', 
of nuu’cuiry in a pask'. of nu'.nuirous sul- 
phate, and a lu'gativi'. elec.trodii of cnul- 
mium amalgam in a saturated Holulioii of 
cadmium sulpliate (Pig. 2()9). It is so 
ciusily and exac.tly reproducjihle and has 
an P.M.P. of sue.h extraordinary con- 
stamty that it has hetm taken hy inkuauitioual agreenumt as the 
standard in imans of whicdi all K.M.P.’s and P.D.ts arc rated. 

Thus tlu^ hlMJf of a Westtni normal cell at 20° is iaheri as 
1,0188 volts. The le</al ihfinilvm of ilia volt is then an electrical 
pressure eijual to y ^ of that produced hj a ']y‘eston normal cclL 



Fid. 209. The Weston 
norniiil cell 


332. The Leclanch6 cell. Thi^ hf'clanc’.lnl (udl (Fig. 270) oouaistH of a 
ziue rod in a Hohitiou of ammouiiun (diloridci (150 grams to a liter of 
waUn*), and a (carbon plaki j)la<u*d inside of a porous 
cup whie.h is parktul full of niangaru^sc^ dioxidt^ and 
p(nvd(^red graphites or carbon. As in tlm simph^ 
c(^H, ilu^ zhio dissolves in tln^ litjuid and hydrogen 
is lib(‘rated at the carbon, or positive*, jilab*.. Henj 
it is slowly atta<duul by llu^ lnangau(‘.Ht^ dioxid(u 
Tliis clu'.mituil atd.ion is, howevt^r, not (ptitde cmougli 
to pr(‘Vi*nt ra[»id polarization when larges ourri»,nts 
tak(*u from tlu^ e.(dl. 'rUe. cell slowly nuiovcu’s 
wlnm allovv(*d to stand for a whih*. on op(m (ur- 
emit. d'h(< F.M.F. of a Lee.Iamilu'^ (U'll is about 1.5 
volts, and its initial internal resisiamu^ i.*j, soim'.wluit less than, an 
ohm. It tiuu’efon* furnishcH a momentary cmrrcmt (jf from one to 
thnm amp(*r(‘H. 



Fio. 270 

I'lui btudanclui (udl 
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^riio iin]U(‘nso of this i-ypt' of roil Urs in tin' fju’t- that* t.ha 

yjnr. is not at all (‘atr.ii by tlir annuoniiun rhloriilr NvUrn thr t'in'nit is 
o[i(ni, ainl that thrrrforr, inilik<^ tlu' Ihinirll roll, it run hr h*ft for an 
iiuh'iinit.r tilin', on opi'u (‘irrnit without <h't«‘riovation. Lrrhinrlu^ r»'li.s 
aro UM('(l almost ('xrlusivc'ly wln'rr momrnlary <‘un'rnis only am. m'mlrd, 
as, for rxamplr, on doorbell rirruits. 1'ln‘ rtdl n'cpiirrs no attention for 
y^c'avs at a t-ime, oUu'r tluui tin', orrasiimal addilbni (d’ water to replant 
loss by ('.vaiporatioii, and tin*, oiteasional addition ol anuinminm rhloridtt 
(Nil, (d) to keep positivi' Nil, and nepitivi* t'l ions in the Holnliom 

333. The dry cell. 'Hie dry <*ell is only a nnulitied ferin of the 
Lecdantdid oi'll. It is ind'. ri'ally f/ry, sinei* the ziiu' ami mirbon plates an* 
(‘nibt*(l(](‘d in moist pasti*. whie.h e.onsists usually of inn* part of mystals of 
ammonium olihiridi*, thrc'c* parts of plaster of Paris, mie part, of y/uu* oxide, 
one part of ziuo (diloridi*, a.inl two parts of water. ’Die [daster (»f Paris is 
used to give the pasbt rigddity. As in the, Leelanehd c‘t*ll, it is t he aetiun 
of the. amnnmium ehloride upon the y.iin*. wliieh prodiic’es the ('nrr(*nt. 

334, Combinations of cells, an* two wayn iti wlJi(^ll 

(*(dhs may lui ('.omhimsl : (irst, in nrnrs; juiil Ht'cmid, In pnrnl/fl, 
Wluni ilu^y arc c.oiincid.i'd in Ma^ zinc. (»!* (UU' cell is joined 

to the copper of the stunmd, the. zinc of the, 
sotamd to the. eojipcr of tlic third, etc,, tlu* 

(•oppor of Uh‘. Iir««t ami Uu^ zinc, of Uit^ last 
being joined to the ends of the exUeaial rt*- 
sistaueo (sec Fig. 271). The K.M.R of Hindi (k'llKrom 

a combination is the siuu of the E.M.F/h of 

Ibo single colls. The internal rt^Histan^u'. of tlu^ (tombinaiion is 
also the sum of the inUo'iial n^sistane.es of the singli^ tndlH, 
lienee, if tlie external rt'sistamH’s are vmy smalli Un^ mirnoit 
furnished by the eombination will be no largt*r than that 
funushed by a single indl, mm) the total rcHisUnee i)\' Ihs (ur- 
cuit has been increased in th(^ sanni ratio as the UiUil K.M.F, 
Bui if the external n'-sistamm is larges the cnirnmi produei’d 
by the combination will be very nmeh greabu’ than that pro- 
duced by a single (tell Just how imieli greater eau always be 
determined by applying Ohm’s law, for if tlmre art^ n cells in 
series, and is the E,M.F, of each cell, the total KaM 
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4. tfrrrif'tp 


k<r 


of tlio (iirtniili is nK Hoiuu', if is tho oxtoriuil resistance and 
I{. the int(U‘nal resislan(H‘, of a single cell, then Ohm’s law gives 

h\, + n R^ 

IF tluv//- (U‘.lls iiw. conn(‘e.U‘.d in parallel, 
that is, iF all tiu*. (‘oppiu’s are e.onnee.ted 
togetlun* and all tlu', zine.s, as in Kig. 278, 
tlu^ K.M.K. oF tht‘, e.omhination is only the 
K.M.K, oF asingl(‘. (h‘. 11, whU(‘. tlu‘. internal 
r(‘.sistane.(‘, is \/ii of that of a single*, e,ell, 
shuu^, i‘,onn(H‘.ting iht^ ludls in this way is 
simply (‘(jnivalent to multi- 
])lying th(^ are^a oF the^ platens 
n tinu^s. TIu*, e.nrnnit Fur- 
nished l)y sneh a ('.onihina- 



Fkj. 272. Wal.f^r jinal- 
Cl .scu’i(*H 


(.ion will hee givesi ])y Ihc*, Fonnnla 

A’ 




R + 


A'- 


Fi(i.27;t (VllH 
hi paralli^l 

Jl\ tlun’eFori*, A*, is m‘gligil)ly small, as in the ease of a heavy 
eoppe.r wire, tlu*. e.nrrent (lowing through it will he 7i times as 
grcuit as that wlii(*h e.onld h(‘, nuuli^ 
to (low through it hy a single (U‘,1L 
Figs. 272 and 27*1 sliow hy nutans oF 
the water analogy why tlu*. K.M.F, oF 
cells in seri(‘S is thi‘. sum of thi', s(W(*.ral 
hhM.F.’s and why tlu', K.M.F. oF e.eJls 
in parallel is no grtsiUn* than that oF a 
singh^ e<'ll. d'lu'st^ eonsid(‘ratio]is show 
that tlu‘. rules winch should govern the 
(a)mhination of cells ari^ as Idllows : (hnined, in, nmen when 
w litvife in voinpnHHon with eonneat in pfirnlli'l when h> ih 
lari/e in vonvparimn with R^. 
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QUESTIONS AND PROBLEMS 

1. A Danioll c(‘U is found io siuul juMirnuit. of .o uiujun’o thnuii^h an 

aunmifcur of n'si.si.aiKS'. Wlial. is its inlrmul rosistanoo? 

2. Wiiy is a laHihuudid i^oll IxM-lm* than a Oanirll uoll for riu^MiijL,^ 
dooi-b(‘lls V 

3. If Ui(‘. Inlonial rosistaiict* of a DaiTu'll i'oll iif the ^;ra\ily typt* is 
4 olinis, iiiul its E.M.F. l.OS volts, how uiufli ourroul will -lo ocIIh in 
H{‘ri(‘nS send Uiroa^'h a teh'g'rapli line having a resislaiuM' nf otUl olnnsV 
What ourront will one sueli et4l simuI Ihrou^’li tho same rinmitV ^Vilat 
oumnit will 40 (!t‘Us joiiusl in paralhd scnnl llirtuiifh the sumo idreiiitV 

4. AVliat (uirrcnt will t-lu'. *10 et‘lls in parallel stnnl throtii»;h an am- 
lue.tur which has a n‘sist,anee. of .1 ohmV What eurrent wnuihl the 
40 culls in s(*neM scunl throii^'h tlie sjune anmiel-erV What enrrentt would 
a single cell send through the sanu'. atnineh'rV 

5* (4in you proven from a eonsidtu’ation of Ohm’s law that when 
wires of (lilT(*rcmt rcsistaiun^s are inserUnl in seri<‘H in a einmit, the IM).‘h 
between the (mds of the various wirtjs are proportliUial to lUo resintaiuam 
of these wires? 

6. Under what eonditions will a small eell give pnu’tieally the same 
cnrnuit as a hirgi^ om^ of tln^ same type? 

7. Why must a galvanomet-t'r whit*h is tc» bo uscsl for measuring 
voltages hav(!i a high rt'sistaiKus ? 

8. Wliy is it desirable, that a galvanometer whieb is to lu' used for 
measuring tuirreuts hav(\ as small a resiHlaiUM* as possible? 

9. A r>()-voll; lamp, resistamu^ 110 ohms, ami a 110 vidt lump, rt'* 
sistiuuu^ 220 ohms, ar(\ e.onnee.ti'd in parallel. What is their jhdnt 
r<\Histano(\ ? 

10. With tln^ aid of Rigs. 272 and 27^1 dis(Ui.s.<f the water anulogh^H 
of the rules on. the bottom of page 2(15, 
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CHEMICAL, MAGNETIC, AND HEATING EFFECTS OF THE 
ELECTRIC CURRENT 

(IlllCMICAh KKKK(yi\S ; ) LYSIS 


335. Electrolysis. L(‘l. two iilal.hinm bn into a 

.soliiUtm of dilu(.(‘ snl|»liurit^ iudd, and 1(‘(. llu‘. (i(‘ruuiials of a i»aU(*ry 
]»ro(lu<din|^ ail K.M.F. (d‘ Id voU.h or inori'. bo applliMl Lo thosi^ clcrirodcs. 
Oxygon gas is found to bo givon olT at tlu^ <‘I(Hd,rodi‘. at wlu(di tlio our- 
riMit (Uitors iflu^ solution, oallod tlu‘ (inadcy whili^ liydrogini is giviui off 
at tho iduid.rodo at whio.h tin*, o.urront loavos tlio solution, luillod t,lio 
'‘riu‘so gasos may lu* ladhs'tod in b'st 
tubos in tho niftnnm* sliown in h'ig. tiTH. 

Tlui iuo(l(irn iluuiry of lliis pluuioin- 
(‘uon is as follows: Sulphuric ac.id 
wluui iL (lissolv(‘.s in water, 
breaks up into positiv(*.ly eluirjgiul hy- 
drogen ions and lu'gativcdy (‘.hargml 
S()^ ions. As soon as an e.budrie.al Held 
is e.stablisluul in the solution by e.onnocting tho (doctrodos to 
tho pimitiv(i ami m^gativo (.(unuinals of a battery, tho hydrogen 
ions bt^gin to migrate toward tho cathode, and tluu’o, after 
giving up tluur eharg(*s, uniUi to form moleculos of ]iydrog(‘u 
gas. On tlu^ olhm* hand, the m‘g'ativo SO.^ ions migrate to tho 
positive oUuitrode (that is, tho auodiO, whon^ they give up 
th(*ir charges to it, and thmi act upon the wabn* thus 

forming and liberating oxygen. 



Km, 275. 'riin (jlcctirolyslH 
uf wator 


* Thin Huhjnrt should bo tUTouipanitul or followinl by a bibomtory I'.xptu’imont 
on tdoc.trolyHiH atnl tbo pHiudplo of tho stonigo liatlory, Son, for oxamido, Exporl- 
mont 115 of tho authorH* umniuU 
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If the volniiu'.s of hydrogen and <^f oxygen are nu'asmvd, 
Uio hydn^gen is fouud to oeeiipy in (‘Vtny east* just, (wiei* the 
voluuui oeeupiial by t.lie oxyg(*n. This is, indei‘d, one*ol tho 
misons for beliindug Uial water eonsists td* two atoms of 
hydrogen and ta\e ot oxygen. 

336 . Electroplating. If Uu* solutitai, ius(t‘ad of being sid- 

plmricj acid, bad been one of eop[H*r siiljdiali* ((hiSO^), the 
results \yould liave been preeisely the sanu* in evt*ry rt‘spt*eh 
except that, siue.e. the hydrogtai ions in (In* sohition an* now 
replaced by t'opper ions, Uu* substanct* (h*ptjsitt*d on llu* (‘uthode 
is pure copp(*r instead of bydrogt'n. Tins is the prim*iple 
involved in eU‘(*,troplaling of all kiudvS. (u eonunertaivl work 
tlie poHit;iv(^ plat, is, is, I he _ 

plate, at wliieli the (nurent I'li- 
tors tbo batl), is always nuule 
from the same nudal as that 
which is to bo d(^iu)sittul froju 
the solution, for in this (tase the 
vSO^ or other negative icnis dissolve. Uuh plate us (ast as (he metal 
ions are deposited tipon the oth(*r. The* strength of (lu* solution, 
tlioroforo, remains imchang(*(L In elTeel, the metal is simply 
taken from om^ plate and dep(milt‘d on tla* (»tlu‘r. hhg. 276 rep- 
resents a silver-plating bath. Thti bars joiiuul to llu^ anodt? /I 
are of pure silver. The sp{K)ns to b(^ plated urt^ (‘onm*{‘t(sI to 
tbo cathode K, The solution eonsislH of 500 grams td* potassium 
cyanide and 260 grams of silver cyanide iii 10 liters of water. 

337 . Electrotyping, Iii tlu^ proeessof eleelrotyping the, page* 
is first sot up in the form of common typa A mtdd is then 
taken in wax or gutta-percha. This nudd is then eoaied with 
powdered graphite to reauku’ it a eondiudor, afltu* which it is 
ready to ho Husi)eiuhul as the cathode in a copp(*r«plating hath 
the anode being a plate of pure copper and the Hiiuid a sohe 
tion of copper sulphate. Wlien a slieth of (topper as thitde an 
a visiting (uird has htum dt^[)osiLed on tlie luuld, the latter is 
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removed and the wax. replaced by a type-metal backing, to 
give rigidity to the copper lilms. From sncb a plate as many 
as a lmndre,d thonsand impressions may bo made. Practically 
all books wbic.li run through large editions are printed from 
such electrotypes. 

338. Refining of metals. II: liho .sohitiion consists of puro copper aiil' 
pl\aU‘, it. irt ntil. neecHsary that the anode, be, of eheinically puro copper 
iu onhu* to old.ain a pun^ (‘.opptu* (h'pOHiti on tlic catliodc. Eloxtrohjlic 
copper, which is th(^ piin^st copiier on tlio market, is obtained as follows : 
The uiirtdhu‘d copper is uh(uI as an anode. As it; is eaten iq) the iiupiiri- 
ties contaimwl in it fall as a lUhsidm*. to the bottom of tlic tank and inire 
copper is deposited on the. cathode, hy the, current. This method is also 
extensively used iu the rcdinhig of metals other than copper. 

339. Legal units of current and quantity. In 1834 Faraday 
found iluil a given tnuTcut of edcota'icity flowing for a given 
lime always deposits the same amount of a given element from 
a solution, whatever he the nature of the vSolntion wliudi con- 
tains the. (‘hmie.ut. For example, one ampere always deposits 
in an hour 1.01^5 grams of silver, whether the elcetrolyte is 
silv(‘.r uitrat(‘, silvin* (*.yani(h‘,, or any otlier silver conipoujid. 
Similarly, an ami)ere will d(‘.posit in an hour 1.181 grams of 
({oppxn*, 1.208 grams of zincs etc*.. Faraday further found that 
the amount of nud-al deposited iu a given c.ell depemded solely 
on th('. produed of thcj (turrent strtmgth hy the time ; that is, on 
tlui (fuantitj/ of el(‘cd»ri(uty whie.h liad passcid through the cjcll. 
"riu^so huds ari’ made thc^ basis of the legal delinitious of current 
and epumtity, thus: 

The miit of (/umUUj/^ called the eoulomh^ ift the quantity of 
electricity rerpdred to depoHit .001 1 1 8 of nilver. 

The unit of eurrent^ the ampere^ in the mrrent which will 
depodt .OOlllH yram of Hilver in (me mmid. 

340. Storage batteries. Led, two n l)y 8 incli huid plab'S hn Bc.rcwod 
to a halfdntdi strij> of sonic insulating material, as in Fig. 277, and 
itnmursed iu a solution consisting of one part of sulphuric acid to 
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ten parts of water. Let a o.urriMit from iwii t»r three dry eells in 

series, C, bo sent throiigli this arraiiKenienL an unnm'ler A or any low- 
resistance galvanonn^ter hi'.ing iuserteil in lln^ einmit. As the eurrintt 
flows, hydrcjgeu bubblies will be sei*n to rim^ from the eatliotlo ( Ihe plain 
at which tlie current huives the soiuUon), whih' the positivi' plut«s or 
anode, will begin to turn dark bn)wn. At the same time Ihe roiitlingof 
tlio arnme.tii'r will b(^ foiiml to <le<n-<'ase rapidly- 'I'he l»rn\vii eoullng is a 

compound of haul and oxyg('u> calhsl leail ^ 

peroxide (I'bOg), whitdi is formed hy the j 
action upon tlie plat<\ t>f the oxygen wiiieh (fi) 

is liberated pr('e.ia{'ly as in the (‘Xptu'lmeiit t ihC ^ 
on the elec.trolysis <d water (§ ddfi)- Let (j 

now th(». batterii‘s b{‘ nMnovtsl from the 
circuit by opeiilug the key /v,, aiul let, ati .pp,, 

electric hell /i lu'. inserted in tlieir [»laee the sinruge Itailery 

by ch)sing Uh‘. key K,^, 'The bell will ring 

and ihe aiumebu* d will liidieab' a current tlowing in a direetiiiu oppo- 
ait(^ to that of the original current, 'This current will decrease raphlly 
as the eiKU’gy whie.hwas stored in the cell )»y the tiriginal eurrent is 
expendiul in ringing the bidl. 

Thus ojcporhnciit illuuti’atoH l\\i\ prluriplo uf (tu^ nturatfi* hut- 
tery. Properly Hpcuikiiig, there han Ikhui no uf thuiririty^ 

but only a Htoragcj of ohemiml envryn. 

Two Himilar lead platen liave Ikuui ehangml by tin* atdiuu of 
the current into two disHiinilar plaUts, oni'. of leatl niul om^ of 
lead peroxide- In other wordn, an ordinary jgalvunie cell Imn 
been formed ; ’for any two dissimilar metals in an elect roly le 
constitute a primary galvanic cudl In this tlu^ hunt per» 
oxide plate coiTosponds to ihe (U)pper of an ordinary etdl, and 
the lead plate to the zinc- This ecdl LuhIh to (unniU* a eummt 
opposite in direction to that of tlu^ charging cnuTimt; that is, 
its E.M..h\ pushes hactk against the K-M.K, cF iht^ charging 
cells. It was for this rtuusou that ilm aiumeUu' rtnwliiig fidh 
When the charging (uimait is nunovtul this c(dl acts exaetly 
like iij^rhnary galvanic e.(dl and furuiHlieH a current until the 
thin coating of peroxide is used up. Tlu^ only imptirUuit clilTtu**- 
enco between a commercial storage cell (Kig. 27H) and tlie 

t 



tluiii can be tormecl by a single cliarg- 
ing such as we used. This material is 
pressed into interstices in the plates, 
as shown in Fig. 278. The E.il.F. of 
the storage cell is about 2 volts. Since 
the plates are always very close to- 
gether and' may be given any desired 
size, the internal resistance is usually 
small, so that the currents furnished 
may be very large. 

The usual emciency of the storage 
cell is about 75 % ; that is, only about three fourths as much 
electrical energy can be obtained from it as is put into it 

QUESTIONS AND PROBLEMS 

1. The coulomb (§ 8t31)) is S billion times as large as the electrostatic 
unit of quantity defined in § 285. IIow many electrons pass per second 
])ast a given point on a lamp filament which is carrying 1 ampere of 
current (see § 290) ? 

2. If the terminals of a battery are immersed in a glass of acidulated 
water, how can you tell from the rate of evolution of the gases at the 
two electrodes which is positive and which negative ? 

3. How long will it take a current of 1 ampere to deposit 1 g. of 
silver from a solution of silver nitrate? 

4. If the same current used in Problem 3 were led through a solution 
containing a zinc salt, how much zinc would be deposited in the same time ? 

5. In calibrating an ammeter, the current which produces a certain 
deflection is found to deposit ^ g. of silver in 50 min. What is the 
strength of the current? 

6. Why is it possible to get a much larger current from a storage 
cell than from a Daniell cell ? 

7. A certain storage cell having an E.M.F. of 2 volts is found to fur- 
nish a current of ’20 amperes through an ammeter whose resistance is 
.05 ohm. Find the internal resistance of the cell. 
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Magnetic Pbopekties of Coils 


341. Loop of wire carrying a current equivalent to a magnet 
disk. Let a single loop of wire be suspended from a thread in the 
manner shown in Fig. 279, so that its ends dip into two luereiiry cups. 
Then let the current from three or four dry cells be 
sent through the loop. The latter will be found to 
slowly set itself so that the face of the loop from 
which the magnetic lines emerge, as given by the ^ 

right-hand rule (see § 312 and also Fig. 280), is to- / 
ward the north. Let a bar magnet be brought near j 

the loop. The latter will be found to behave toward 'V j 

the magnet in all respects as though it were a flat 
magnetic disk whose boundary is the wire, the face 3 [ 

jy- which turns toward the 

north being an N pole 

I ^ and the other an S pole. 

// y Fm. 279. A loop 

. [y 3-, The experiment etiuivalenttoaflat 

Mw . /K inagnetie disk 

g A 5;’^- 


4 II-> — > The experiment etiuivalent to a flat 

shows what position inagnetie disk 

'in^ j a loop bearing a current will always 

1 ^ tend to assume in a magnetic Held, 

Fig. 280. North pole of disk ^ since a magnet ^ 

is face from which magnetic always tends to set J [ 

lines emerge; south face is SO 

face into which they enter . . 

line connecting its I 

poles is parallel to the direction of the mag- 

netic lines of the field in which it is placed, 

a loop must set itself so that a line con- ^ 

necting its magnetic poles is parallel to the 

lines of the magnetic field, that is, so that 

the plane of the loop is perpendicular to the pio. 281, PosUiun 

field (see Fig. 281) ; or, to state the same assumed by a loop 

thing in slightly different form, if a loop of 

wire^ free to tum^ ts carrying a current in a 

magnetic fields the loop will set itself so as to include as many 

as possible of the lines of force of the field* 


Fig. 281, PosUiun 
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342. Helix carrying a current equivalent to a bar magnet. 

H win' licariiig a (lum'iit Ix' wound in the foriii of a helix and held 
near a suspended uuiKuel., as iu Kifj. 2«2. It will be found to act in every 
r(\s]>t‘t‘.l. Uko, a ^vii.h an N poll', ali ^ 

oui' <‘U(l and uu S uoli'. al iho oi.h('i% ^ 

''riusresiill iniglit have Ihh'.u pn',- 
diclcMl from Mio facd that a single'. 
l()o[) is (Mpiivale'.nl to a ilat-disk v 

niagiudu For wluai a s(*,ri{^s of suo.K offeotof a 

disks is plmu'.d sido by side, as iu ilui * 

liclix, the rosuli must bo tlui sanit', iis plaidng a series of disk 
inagnots iu a row, the N polo of one being diroc.tly iu contact 
with tlio /S' pol(', of the next, etc.. Those polos would therefore 
all iHud.ralizo (nich other (*.xo(‘pt 

at tlu‘. two (nuls. W(i thorc'.foro 

got a inagiu'tio ludd of the shape 
shown in Kig. 2Ht5, tlio dirocd.ion of 

the arrows roprosi'.niiug as \isual ^ 

[h{\ din'.o.tion iu whioh an N polo ' 'Ip 

loiuls (-0 nuyvo, ^ Magnetic field of lielix 

The right-hand nd(y as given 

in § iU2 is sidVuuont iu evo.ry ease to doterininc which is the jY 

vuul whioh the /V polo of a helix ; that is, from wluoh end the 

lim',H of inagmdiic forc*.o oinorgo from the helix and at which 

end tiuy enter it. But it is found con- 

vc'iutmt, in th<^ eonsideration of (^oils, ^yT'/rSoD 

to njstato the right-hand ruky in a 

slightly different way, thus : If the coil 

iH (jranped in the ru/ht hand in mch a ^Uon ofctxf 

tony that the jinyem point in the dire<y for poloR of 

. ‘ # I . y‘ .T . . /» ♦ * helix 

tirm in wliirh the imrreni in jlowvm/ in 

the wireHj the thumb will paint in the direction of the north pole 
of the helix (seje Fig. 284). Similarly, if the sign of the poles 
is known, but the direction of the current unknown, it may 




Kin. 288. Magnetic field of lielix 
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Ro (loiermiiu‘,(l art follows: Ij’ tin' rn/Jit hnud in phttni 

the coil with the thumh ^pointinii in the tdreetnoi i*/ the UneH of 

force (that is, toward tlu'. north poh* 

of the holiK'), the fun/era will pons ^ ..v , , 'v', , 

around the coil in (he direction in V • 

%ohie.h the current in Jhueuuf, / . , ^ ^liV 


343. The electromagnet. Lrtsun>w f 

of Hoft iron bi'. iiiHorb'd in Iho lidix , . 

(Fig. 2Hr>). I lu' will lu', fomul (<» bo iiiimiiot 

onormouHly niroiigt'r Ihuu bobu’o. 'riiiH 

iH bocauHo tho coro Ih inagioMi/tul by iudut'liori fnun tho iioltl of tin* 
helix in pnHUHoly tlu^ muni^ way in wliich it wonhl bt' inugnoti/oil }iy 
induction i£ pliuunl in the I’n*ld of a jM'rnia- 
nent niagnofc. Th<^ lu'w iii'Id st-rongt li ai»ntit. 
the coil i.s now the mini of tlin liehln dm' 
to tlie core and that due to the coil. If the p 

• eurront Ih broken, the core will at onei' 

loHo tile greater jiart td itn luagueliHin, If .. 

tlio current in revinmul, tlu^ polarity of the , 

core .vill 1.0 rovornod. Suoh ii ooil with « 

aoftrirou core in called an devtmnatineU Fm, »jh(1 

, .1 « 1 elect roiin^niet 

Jho Ktrongth of an ohudroniagnot 
can bo very greatly hunvasiul Ity giving it Htieh fonu that 
tho magnoti(5 lines cum reniaiu in iron thremghout llunr entire 
length instead of emerging into air, as they 
do in Fig. 285. For this retison c‘hu*iro- ...i 

magnets avo usually built in thes borsesbcH’ Bi ,i':H 

form and providcul with an annaiurt^ A B;-. B mfw 

(Fig. 280), through wliie.h a cuuupleto iron 
path for tho liru^s t)f forces is tmtablished, as 
shown in Fig. 287. Tim strength of Hindi a Fio.'iH?. MiiKHcUe 
magnet depends chitdly upon tho munber ^’hruaof ruiidiH'rni 
of amjnwe tumH wbicdi eneinde it, tlie t'XpreH- ”*^^^'*** 
sion ** ainporo turns’' denoting the produet of Uiii number of 
turns of wire about the magnet by tlm number of amjmreH 
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, 288, ConHtmction of a coin- 
iiicrcial ainmotor 


liowiii^ ill turn. 'J'huH a current of ampere flowing 
1000 tiuK's around a cov(‘, will make au electroniagiiet of 
prec'.isiOy tlu^ sanu‘- stnaigth as 
a oiiriHmi. oF I amp(‘,n*. Ilowing 
10 lim(*.s about Uu‘. c.ore. 

344. Commercial ammeters 
and voltmeters. F7g. 2(S8 sIioWkS 
the (‘.onstruc.tiou of the UvSiial 
form oF (*.onmu‘.rcial ammeter. 

''Fhe (‘.oil a is pivoted on jewel 
bearings and is ludd at its ztu’o 
position by a spiral spring 
Wlum a (uimuit Hows through 
the instruuumt, were it not for 
the spring /> the (‘.oil would turn 
through about 120'\ or until its 
71 polt^ (‘.ame opposibi the jSl pole 
of tlu*. nuigiu'.t (H(‘e Fig, 281). This Z(‘,ro position of the coil is 
eJiostm btuuiUHi*. it i'.nabli^s thi^ sc.ale divisions to bo nearly equal. 
Tlu^ shunt (’.oils r arii of praetic.ally negligible resistance. 

Th(^ voltnudu'.r differs from tlu^ am- 
meU‘.r only in that the (‘.oils r are in 
H(*.rie.H with c and are of high resistanee. 

Tlu'. sanu^ instrumeait may have its range 
(hanged or may evtai ho used inter- 
c.luingeably as au ammeter or a volt- 
uuder by suitably (‘.hanging the coils r. 

346. The electric bell. The elcH’-trir. bt^ll 
(Fig. 281)) iH OHO of the applications 

of th(^ tdo.c.troinagtua. WIhmi the button P 
(Figs. 281) and 21)0) ia ijh^hhihI, tho tdcctric 
circuit of the batU^ry is closed, and a curr(mt flows in at yl, through the 
coils of tlic niagiu^t, ovt^r tlui (dosed conta(‘,t and out again afc B. But 
no sooner is this current (mtablished than tho (dcicvtroinague.fc Itl pulls 
over the anuatura a, and in so doing breaks the contact at O. This stops 



Fm. 280, Tho electric 
boll 



Pia. 290. Cross section of 
the electric iJush button 


the current and demagnetizes the magnet E. The armature is then 
thrown back against C by the elasticity of the spring s which supports 
it. No sooner is the contact made at Cthau the current again begins to 
flow and the former operation is repeated. 

Thus the circuit is automatically made and 
broken at (7, and the hammer R is in conse- 
quence set into rapid vibration against the 
. rim of the bell. 

346. The telegraph. The electric telegrajfli 
is another simple application of the electro- 
magnet. The principle is illustrated in Fig. 291. As soon as the key K 
at Chicago, for example, is closed, the current flows over the line to, 
we will say, New York. There it passes through the electromagnet w, 
and thence back to Chicago through the earth. The ai;maturo b is held 
down by the electromagnet 7n as long as tlie key K is kept closed. As 
soon as the circuit is broken at K the armature is pulled up by the 
spring d. By means of a clockwork device the tape c is drawn along at 
a uniform rate beneath the pencil or pen carried by the armature b. A 
very short time of closing of K produces a dot upon the tape, a longer 
time a dash. As the Morse, or telegraphic, alphabet consists of certain 
combinations of dots and dashes, any desired message may be sent from 
Chicago and recorded in New York. In modern practice the message is 



not ordinarily recorded on a tape, for operators have learned to read raes^ 
sages by ear, a very short interval between two clicks being interpreted 
as a dot, a longer interval as a dash. 

The first commercial telegraph line was built by g. F. B, Morse 
between Baltimore and Washington. It was opened on May 24, 1844, 
with the now famous message, '' What hath God wrought 1 ” 

347. The relay and sounder. On account of the great resistance of 
long lines, the current which passes through the electromagnet is so 
weak that the armature of this magnet must be made very light in 
order to respond to the action of the current. The clicks of such an 








Hauvku h\ B, Mouhk (17U1-1872) 

Thu Invuntor of tlio (^luutiTunagnntlu roc.ordinjjf tolograpU and of tlio 
dot-uiid-daHh aljiluibot known by hiH namo, was born at Charlua- 
towii, MiiHHiU'hUHuttH, f^mduaUnl at Yalo (JoUu^^o in 1810, invontod 
tins (‘onoiuu’cial Udof^mpb in 180‘J, and Htrugji^Uid for tv,^(dvo yearn 
in gr(‘at ixivcnd-y Ic) j>erf<u!t it and hcuuu'O it:H proper prenentatloii 
to ibn pnbUe. 'riie llrnt publie exhibition of the eompletiul instru- 
ment WHH matb‘ In 1837 at New York UniverHity, Hi^^nals Ixdn^ 
Hunt tJirough 17(H) ftjet of etipjxM* wire. It was with the aid of a 
^rant from (lonj^renn that the ilrat eomnierc.ial line was 
('oUMtrueteMl la IH-H between VVaHhlugton and Haltlinore 
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aniiairiin^ an^ not; 8u{ri(U(‘ntly loud to bo read easily by an operator. 
IIiMioo at; ('a(^li st-atiou tlu'ro is iiitrodiieed a local circuit, wliicli contains 
a local batbu'y, and a st'cond and licavicr eloctroinagnet, which is called 
a soundtu’. 'rim (‘l(‘(^tro- 

Armatiire Contact Points 


EtectroMa(/net' 


Spring 

' Adjusting Screiir' 



.Fio. 202. The relay 




nuigutdi on tin* main liin^ 
is thc*u culh‘«l till'. n‘lay 
(son. Figs. 21)2, 21);), and 
21)'I). 'Pin*, soninbu' lias 
a very heavy annalure. 

(.•1, Fig. 21)»1), whi(*.li is 
so arrang(*d Uiat it e.licks 
both win*n it is drawn 
down by its electrotnag- 
n(‘ii against; tln^ stop *S' 
and wlien it is ]>uslied up again by its sjiring, on breaking the current, 
against the stop ^ 'Plu'. interval which (dapsos betwe.im these two clicks 
iudiiuites to tln^ opi'rator whetln^r a dot or dash 
is s(‘nt. 'Pile current in tlu^ niaiu liin^ simply 
H(*rves to (dosi^ and open tlu'. cive.nit in the 
lo(*al hatt(*ry which operates th<^ sounder (si'c 
Fig. 21)''l ). 'Pin^ (‘li*e.troinagnets of the, nday 
atid the sounder differ in that th(% former 
cousists of many thousand turns of tine wire, 
usually having a n^sistance of about 150 ohms, 
while tlu^ lattc'r consists of a few hundred 
turns of coarse win^ having ordinarily a resistance of about 4 ohms. 

348. Plan of a telegraphic system. The actual arrangement of the 
various ]>arts of a tide- 
graphic system is shown 
inFig.21H. Wlmnanop- 

erator at Fhicago wishes ^ * 

to send a message to 
New York, he first ojunm 
tlm switch wbieli Is con- 
nected to Ills key, and 
which is always kept 
closed except wdien he 
is sending a niessage. 

He then biggins to operatic his key, thus controlling tin*, clicks of both 
his own sounder anil tliat at New York. Whim, the Chicago switch is 
closed and the emu at New York open, tho Now York operator is able to 



Fm. 21)3. Tlio Houndor 


Sounder 


Smfider 


Nefv)^dc 



Barth 

Fm. 204. 


Eotfih 


'Pclcgrapl 1 1 c system 
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Rond a moHsai^B hat'k ()Vf‘r the* Hanu* liiu*. hi a \h not 

URually Ro.nt an far as from (Hiifago to Nt‘W York ovor a siu.uk' Htip, 
vsavo in tho cuiao of t-ransoroanio raMoH. Instoad it. is nutoniiitifally 
traTisfoiTod at., Hay, (di'veOaiid t«> a Hi'foad lino, wliirli oarrit‘.s it< on to 
HuiTalo, whom it is nuaiu l-ransfornMl to a third lino, whirh oarrioH 
it. oil to Now Vork. Tim tnui.sf«*r is iniuli* in pnsdsrjy Mio sumo way 
as iilm transf(‘r from tlm main oinmit to tho soiinih'i* oinmit. If, for 
(‘xamplo, thi^ Houndm* oivouit at (Uovolauil is lonuthmuMl ho as to t'xtimd 
to Buffalo, and if tht'. soundor itsedf is mpluofd l»y a r^duy (oullial in 
this caso a mp(‘ator), and Urn looal hattm'y hy a lino hattory, (hon tln^ 
soundor cimnit has boon iransfoniual inh) a ro|H*ator oirouit and all lha 
conditions are met for an automatic transfer of tin* nn*sHuu‘‘ at (develaud. 

QTJESTIONS AND PROBtEMS 

1. Why am iron wires used on teh'graph lines hut. ooppor wires on 
trolley Hystema? 

2. The plane* of a snHpernhvl htop f>f win* is east and Wf*st, A <’nr» 
rent is sent through it, pasKing from east to west un tin* nppm^ side. 
Wliat will happen to tlm loop if it is |K»rfeetly frei* to turn V 

3. Wlien a strong e.urmnt is smit through a miH|M‘ndodHt*oil galva' 
nometer, what position will tlu^ coil assume V 

4. If ono looks down on the ends of a U«sha|H‘d t*loetvoniHgnet., dof*s 
tlie current cnc.irc.lc tlm two coils in tin* same or in oppoHitc dircsdlousV 
Docs it run clockwise or cot lutfU’dock wise ahont the poh*V 

\/ 5. Draw a diagram, shttwing how an electric hell works. 

6. Draw a diagram, showing liow the relay and somnler opr*ralc‘ in 
a telegraphic circuit. 

7. Ordinary N(k t) telegraph wire has a n’Kintance of ‘id ohms to 
\/ the mile. What current will 100 Daniel) cells, each (jf E.M,F,of 1 volt., 

send through 100 mih*B of such wire, if the ndays htun* a rt'sislance of 
150 ohms eacli and tlie ctdls an internal reHishuice. of 4 tilmuN t'licdiV 

8. Tf the relays of tlm pntceding preddem had each 10,000 t.uims of 
([/ wire in their coils, how many ampere turns were effcattivc in tnagneti*/.ing 

their electromagnets ? 

9. If on the above telegraph line Bounders having a resistance of 
V ^ ohms each and 500 turns were to be put in the place of tlm relays, 

how many ampere turns would he c*Fective in magnt‘tixing their cort^sV 
Why, then, must a relay he a high-resistance clectnnuagnet? 

10, If the earth’s magnetism is duo tf» a surfact^ charge rotating with 
the earth, must this charge be positive or negative to produce the sort 
of magnetic poles which the earth has? (This k actually the present 
theory of the earth’s magnetism.) 
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EFFK(n\S OF ^rilK Elfgtkio Cukrknt 


349. Heat developed in a wire by an electric current. Let the 

t(‘riniualH oi! Iwo or three', dry eedls in serieB be touched to a piece of ISTo. 40 
iron or (leniuui-silver win^ and the haigth of wire between tliese ternii- 
luils .sliorteru'd to ^ iiudi or It^ss. Tlie wire will be heated to iucaiides- 
(M'lice and ])r(d)ably iiudb^l. 

'i'lu'. c‘.xp(u’inuuit shows that just as in the (‘.harging ol: a stor- 
age, batiiuy ilu*, (‘luu-gy oT i,lu‘, omTeiit was transformed 

into tlu*. (^lu'-rgy of (duunicuil separation, so .lujre in the passage 
of thi^ c-urnnit through the wire the energy of the electric 
(‘urrent is trausfornu^.d into luutt energy. 

350. Energy relations of the electric current. lu Chapter 
IX wii found that (auvrgy expended on a water turbine is equal 
l.o the (juantity of water ))assing through it times the differ- 

in hwel through whieh tlu*, water falls. In just the same 
way it is found that wluui a (Uirrent of eletdricity passes 
through a eonthud-or, the eiu'.rgy expended is equal to the 
(piautity of idtjc.trie.ity passing tiuuvs tlu^ diffiu‘eu(te in* potential 
lHd.W(‘t^u tlu^ luids of the ('.onductor. If the ([uaiitity of dee- 
trieity is (‘Xj)n>ssed in t'oulombs anil tlu^ IM). in volts, the 
energy is given in joult‘S, and we, have 

Volts X c.oulomhs joules. (1 ) 

Since thi^ number of (•oulomhs is eipial to the number of 
amperes of (mrnmt,, multiplied by the number of siuauids, 

Volts X amperes x siu’.ouds joules. (2) 

But a watt is delim^d as a joule pe,r second (see § 192 ). lienee 
the energy exp(‘mU‘cl pi'i* second by tlu* (uirreut, that is, tlie 
fHfwer of the (uirrtmt, is givtai by 

Volts x amperes — watts. QV) 

351. Calories of heat developed in a wire. The electrical 
energy expeiubul wluai a c.urrent Hows between points of given 
P.U. may bo spent in a variety of ways. For example, it may 
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be spent in producing chemical separation, as in the charging 
of a storage cell ; it may be spent in doing mechanical work, 
as is the case when the current flows through an electric motor; 
or it may be spent wholly in heating the wire, as was the case 
in the experiment of § 349. It will always be expended in 
this last way when no chemical or mechanical changes are 
produced by it. The number of calories of heat produced per 
second in the wire of the last experiment is found, then, by 
multiplying the number of joules expended by the current per 
second by the heat equivalent of the joule in calories, that is, 
.24 calorie, since, by § 173 and § 213, 1 calorie is 4.2 joules. 
Therefore when all of the electrical energy of a current is 
transformed into heat energy, we have 

•Calories per second = volts X amperes x .24. (4) 

The total number of calories II developed in t seconds will 
be given by ^=P.D. x (7 x ^ X .24. (5) 

Thus a current of 10 amperes flowing in a wire whose ter- 
minals are at a potential difference of 12 volts will develop 
in 5 minutes 10 x 12 x 300 x .24 = 8640 calories. 

Since by Olmi’s law P.D. = (7 X i?, we have, by substitut- 
ing CE for P.D. in (5), 

J/=:C“i^xtx.24; (6) 

or the heat generated in a conductor in pro^prtional to the time, 
to the resistance, and to the square of the current This is known 
as Joule’s law, having been first announced by him as the 
result of experimental researches. 

352. Incandescent lamps. The ordinary incandescent lamp 
consists of a carbon filament heated to incandescence by an 
electric current (Fig. 295). Since the carbon would burn in- 
stantly in air, the filament is placed in a highly exhausted glass 
bulb. Even then it disintegrates slowly. The normal life of a 
16-candle-power lamp filament is from 1000 to 2000 working 
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liours. Tlio filament is made by cai'bonizing a special form of 
cotton thread. The tuids of the carbonfeed thread are attached 
to platinum wirtiS which arc sealed into the glass walk of the 
bulb, and which make contact one with the base of the socket 
and the otlun* with its rini, these being the 
electrodes through whuih the (uirront enters 
and leaves the lamp. 

The ordinary 10-(‘.andh‘.-pow(U’ lamp is most 
(•ommonly run on a c, intuit which maintains a 
potentuil dilTentiute of eitlutr 110 or 220 volts 
l)(ttw(‘.(‘n tlut htnniuals of the lamp. In tlie Fun 20r), TIjo in- 
fornutr (uisct tli(‘, lamp (tarries about S) ampere lami) 

of (turrent., and in the latter (tase about .25 ampere. It will be 
se(Mi from tlutse iigures tluit tlut rate of consumption of energy 
is about *\A watts petv candle power, 

A (tnsi.omm- usually pays for his light hy tlio '"watt lioiir,” 
a watt hour luting the energy furnished iu one hour by a 
eurntnt whoso rate of (expenditure of energy is one ‘watt. 
Thus the rate at wliuth ctmtrgy is consumed by a IG-candlo- 
powetr lahip is 110 x .5 — 55 watts. One such lamp run- 
ning for ktu hours would tlmreforo consume 650 watt hours 
of (tmtrgy. Larg(t (piantiti(ts of eht(ttrieity are sold by the 
IcilowaU hour. 

At Hut pntsttnL time tungsktn and tantalum filaments are 
being umtd vttry largitly for imtaudctsceiit lamps. They arc 
mturly Uintct tinu'S as (tlTutieut as tlut (Uirbon lamps, the Mazda ” 
form taking hut 1.25 watts jutr candle. This is hccauso they 
(*au bit opetraUtd at minth higher kmiperaUmts than carbons. 
''Jluty ant, howttvetr, mmth more fragile and more exptmsive. 

363. The arc light. Wlirn two (tavbou rods arc placctd ond to end in 
tlu^ (dinuiit of a powi^rful (dtHd.rin genu^rator, tlu'. carbon about the point 
of contact in Inuitcd red-bot. If, lluni, tlui t\ndH of tb<^ c.arbon rods ar(} 
H(‘[)arat(‘d ont^4ourth irudi or ko, tint currcuit will ntill contimm to flow, 
for a condiic.tinf^ layctr of incarukiscent vapor called an electric arc is 
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profliu'o.d botwoon tlin polos. Tlio ap)H‘anuiot» of tlio un* is sliown in 
Fig. 20(J.- Ai; tho. 4- polo a hollow, or <o'ator, is fonaod in tho oarbon, 
while tho — eai'hoii IxH’.onios (saio shapod, as in Ihe 
figure. Th(^ carbons an* eousuiiiod at. tho rato of 
about an iii(*h an hour, tho 4 carbon wasting away 
about twice as fust as thi* — out*, d’ho liglvt ctunos 
clilefly from tho 4 crater, whert* the temperatun* is 
about ti80(F(l., tin* highest 'aUainablt* by man. .\ll 
laiowu aubstanc.es an*. volatiliz<‘(l in the elect rii* arc. 

The ordinary arc rcupiires a curnmt of It) am[H‘ri*.s 
and a P.!). betw(*i'u its i(‘rminals of ahout oO volts. 

Sucdi a lamj) produ(u*s about 51)0 candle powt*r, 
and therefon^ consumes energy at tin* ratt* of about 
1 watt IKU* eaiulh* ])ower. 'rhis makes an are light 
about 1*1.5 tim(*s as (‘llh'ient as au incandescent light. 

Tlie r(‘ 0 (‘ntly invent'd Jlamhuj urc, proihu’tsl btdvveen 
carbons wdiicb hav(^ a composite, core etjusisting of 
(^arbon, limt^, magut'sia, silica, t»r othi*r Uglilrgiving 
minerals, sometinn^s reaches an etne.u'ucy as high 
as .27 watt p(‘r (uindlo power. 

354, The arc-light automatic feed. Siiu'e the two earbons of t he are 
gradually waste away, they would sotui beeotne so far sepumtctl that, 
tho arc could no lougt'r 1 k^ maintained were 
it not for an automatic feeding device^ which 
kcoj)H tlu^ distance htdwtsm.ihc (uirlum tips 
very nearly constant. Fig. 207 hIiuwh tin*. es*> 
sential featnrt^s of one ftinu of this diu'ict*. 

When no current is flowings througli the 
lamp, gravity holds tlu^ egrbon tips at c to» 
gether ; but as soon as th(^ (uirrcut is (brown 
on, it energi'/.i'H tlu^ hnv-rc^sisUuicc (dcctnr- 
magnet J/, wdiUdi is in H(‘rics witli tin* car- 
bons. This draws dowm tlu^ iron plungtu* c, 
whicdi acts iqum thelcv(*r L and "'strikt's the 
arc ''at e- But the introduction of the rr‘Misb- 
ancB of the arc into the cirtmit ILMi raisers the IM). bctwf‘cn h arul t and 
thus causes an aiipreciahle current, to flow through tht' high-resistance 
magnet iY, whic.h is shuutctl a(»roHH this circuit This t«*uck to m/Vc the 
plunger c and thus to sliorteu tin* arc. 'Phcrc is thus one |mrticular length 

is the so-called ‘’mean spherlcnl '* chiuIIc powf'r. The (‘amllfi juiwer in 
the direction of maximum illumiiuUhin is from 1000 U) PiOO. 



Fiu. 207. Feeding diw'hu^ 
for arc lamp 



Fui.’JUti. 'i'liearc 
light 
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of arc forwhii'hoquilibnimi (‘xintn b(‘t.W(Mni the eiTeets of the vseries magnet 
yi/ and the Hhnnt iiuigiK't Ah '^rhiH huigtli the lain]) autoinatieally inain- 
tiiins. 'The magnet (> is tli(‘S()-(ralh‘(l ''(nUrout’Mnscu'ted. so that, if thelamp 
g(‘i,s out of onhu’ and the. aiv. burns out, a eurre.iit at 
one.(‘ (lows through A*" and (> of suHieienti stnuigth to 
elos(‘ tin* eontaid. points at r and thus ]H*rmit the main 
eurnuit to (low on to l-b(‘ next hiinp ov(‘r tlu^ jiath 

355. The Cooper-Hewitt mercury lamp. Tli(‘. Coopin- 
lle.witt nuu'e.ury lamp (Kig. i2l)H) is the most (‘llieieut 
of all (d(‘(dri(^ lights, unless il, b(‘ I, In* (laming ar(\ It 
dillVrs from tin* an* himp in t-liat the iueandescMuit body 
is a lougeolumu of iiienuiry va]>or insload of an iiieau- 
d(*se(‘nt soli<l. 'The lamp <*ousisls of an t‘xhaust(‘d tube, 
tlinu* or (‘our t'eet long, tin* positivi* (‘le(^trode. at tin*. to]i 
consisting t>r a plati* of iron, whih* tin* m*gative (‘hs?- 
trode at- the. boltom is a small <puiul.i(.y of nuu’e.ury, 

I’mlera sullleii'iit dilTerenee of ]>otent'ial bid.weiui th(‘S(‘ 

l.erminals a long" men-ury-vapor are. is formed which 
si-r(*iehes from lerminal t.o terminal in tin*, tube, d’his 
an^ emil>s a very brilliant light-, bul. il. is almost entin^.ly 
wanl.ing in n*d rays, 'I’ln* e(liei(*n(^y (.he laui]) is V(u*y 
high, sinee it n*tpnres but .3 watt per (uuulle. powi'.r. It 
is rapidly linding impt)rl.ant (U)mm«‘r(ual uses, (^spiuually in pho(,ogra' 
phy. Tin* chief objection to it arisc'S from tlu‘ fact thal., on aee.nnnt 
of tin* alj.seiiee of red rays, tin* light gives objta’.ts an unnatural color. 

QUESTIONS ANU PROBLEMS 

1, What borsi* power is retpiiretl to run an iucaiuh^seent lamp cairry- 
iug ,j) ampere at llO voltsV How mmdi luMit is develt)p<‘.d per second V 

2, Fig. lilMl shows tin* (tonneetions for a lamp L whiedi can be 
turned tm or off at t.wo dUTereut 
poinl.H n or h, Hxplain Imw it 
works, 

3, A \o|t lamp has a re 
sistaiKus when hot, of about 750 
ohms. Ilow many ealoricH will 
be df'velojHsl in it in 10 mimV 

4, If a storage has an K,M,K, of 2 volts, and furiiishcH a cur- 
rent of 5 amperes, what is its rnU^ of {expenditure of energy in watts? 

5, Uow many cells, wfU’kiug as in Problem 4, would be equivalent to 
1 ILP.y (See § nil, p. MT,) 
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CHAPTER XV 

INDUCED CURRENTS 

The Principle op the Dynamo and Motor 

356. Current induced by a magnet. Lot 400 or 500 turns of 
No. 22 copper wire be wound into a coil C (Fig. *300) about two and a 
half inches in diameter. Let this coil be connect(;d into circuit with a 
lecture-table galvanometer (Fig. 254), or even a simple detector made by 
suspending in a box, with 
No. 40 copper wire, a coil 
of 200 turns of No. 30 
copper wire (see Fig. 300). 

Let the coil C be thrust 
suddenly over the N pole 
of a strong horseshoe mag- 
net. The deflection of the 300 . Induction of electric currents by, 
pointer p of the galva- magnets 

nometer will indicate a 

momentary current flowing through the coil. Let the coil be held sta- 
tionary over the magnet. The pointer will be found to come to rest in its 
natural position. Now let the coil be removed suddenly from the pole. 
The pointer will move in a direction opposite to that of its first deflec- 
tion, showing that a reverse current is now being generated in the coil. 

We learn, therefore, that a current of electricity may he 
induced in a conductor by cauBing the latter to move through a 
magnetic field, while a magnet has no such influence upon a 
conductor which is at rest with respect to the field. This dis- 
covery, one of the most important in the history of science, 
was announced by the great Faraday in 1831. From it have 
sprung directly most of the modern industrial developments 
of electricity. 
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MM'itvKi, I*'A}tAi>Av (17!M !8n7) 


I'uiiKiiw jihyMlci.sl {Kilt ({‘licuilKf ; oiu' of (lit* iiiosl ji^iftod <»f (‘Xjx^riinc'ntt^rsj 

Koii of a piinr hlui'kHiuilli ; uppn-nlicM'tl ul llu* im(M»r llilrltM'ii In a book- 

liindor, with wliotu lu» wnrUnl nliu* y«*arM; appllt'd foi* a iiositlDU in Sir lluinplny 
l)avy*N Inljomiory at tin* lh»ya| luMllUttlori Itt IHi;!; Ii(‘('a{nc‘ <|iro(d.(»i* (jf (liiH iaho- 
rulory in iHitri; tjiKoovohMl rh'rlrinnat^nnlh' iinln(‘ll(»n in IH.'ll ; nnulo Iho llrst. 
dytmnn»; <llMt'tivrn'cl in tin* Ihwh of I'lnctrolyMln, lanv known n.H Kui’a<Iay’s 
Iiiwh; tin* fnmil, tin* pi’unlinnl unit of olpctriojil capncdly, is imnunl in his lunurr 
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By t^xperimiHits of tluH sort- it- is louiul tliul uii IC.M.I*'. is 
indue, od iu aeoil only ivhrn thv nuitu^n ttikvi^ in nitn/i n (raj/ 

UH to elianjfv the totnt ninnher uf niaj/netie Itnea ^ 

of for ee whieh are ineloHeil hjt the eaiL ( )r, in 
state this niU'^ in luort* geui*ral lurnu an 
K.M.F* u uulueed hi aaj/ element of a non- 
dneior 'wheUy and onij/ when^ that elnnent in 
vtuvinj/ in iotoh a aufj/ as to rat majfnt'tir hnos 
of force, ^ 

It will 1)0 uoticaul that the iirst statenu*nl 
of tlio rule is iiududt'd in the soeoud, hu’ 
whonovor the mimhor of linos of forot^ which 
ptuss thro\igh a coil (^hangt's, soino linos (if forot* umst out 
across the (U)il from the insidt^ to tho outside, or vice vium 




Kuo UU2. K.M.K. 
liuliu’iMi wluui a 

iMiiHUuignt'tii'lim'H 


359. The principle of the electric motor. 

Let a wiri* ah be rigidly .aUatdietl tn a 

liurizoutal wire //A, an<l bd. iJie latter be nupporled 
by a ring or otlier iiii'tallij* su)>[u>rt, iu tbe uinuner 
shown iu Kig, SOU, that ah \h frer tu nNeillatr 
about //A as an aKin. Ltd- llie lower enil of ah tliji 
into a truugli of uwvmvy. When a iiiagnel \h behl 
iu the position sliown ami a eiirreut from a dry 
cull is sent {lown tlirough the wire, the wire will 
instantly inovc^ in tlui direetion imlieabul liy the 
arrow namely, at right angh'H to tbe direr tion 
of the lines of magnetic ftjrca*. Ltd. the dirtn'iitm 
of the currant iu tlit^ wirt' be nw't'nted, *rhe diree 
tion of tho force ae.ting on tlu^ win^ will be foiiml 
to be roversed also. 

We laai^n, thcndorc, that u wire eutritintj 
it eurratit in a 7 na(/netie field tenda to more in 





Kui. sun. Idle prhi 
riple of I he elrc*( rir 
motor 


*ff a Strang tdtHaromaguet, In avallahlr, these ex|Jt»rirnentH are moro hiHtintrtlve 
if porfonncil, not with a coll, as In Fig. Imt with a wlmight rtsl (Klg. .Uyj) 
to the ends of wlii(di are attmdied wlreH leading tc» a gjujivanauieter. Wluue 
ever the rod moves paralUd to the lines of magnetle hiree tlmre will lie no 
detlootion, but wlitmever It moves aeross the llueH the gnlvanouieter needle will 
move at once. 
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a dt rijfht aidjl.PM hoih io the direetioyi of the field, and 

the direefion of the eurrent. This underlies tlie operation 
of all (*UM*i.ri(*. motors. 

360. The motor and dynamo rules. A (•onvenient rule for 
(le(.(‘rminiiiijf wluU-luu* tlu^ win*. al> ( Fig;. 303) will move forward 
or hac.k io a. giviai (*asi*, may lu*, obtained as follows: If tlu^ 
field of a magiH't aJom*, is repr(‘sented by Fig. 304, and that 
(hu*. to tlu^ eiirnnit aloiu^ by Fig. 305, then the resultant field 




Kei. ao-l. Kiold oT Koi. aor». Field of Fkj. 800. Field of magnol. 
magntd. alont* (‘umnil. alone and current 

wlam tli(^ (‘urnuit-ln^a-ring win*, is ]:)lae-e,d b(3twcon. the poles of 
th(‘. magiu‘1, is that shown in Fig, 300 ; for the strength of the 
fu'ld above, tht* win^ is now Uk*. suih of ilio two separate iiolds, 
while*. lh(*. st.n*ngth below it is their diffevenee. Now Faraday 
thouglii. of tlu*. lines of fore.e as aeting like streiohod rubber 
l)ands. d'his would mean that the wire in Fig. 30() would be 
puslu'd d(fW}L Wh(*.tlu*r Mui lines of force are so e()n(*.eived or 
not-, the motor nde may he stated thus: 

A nirmtt hi a vimfuetle field temh to move awa.y from the nde 
on fehieh IIh linen are added, to thone of the field.. 

The dynamo rale follows at one.e from the motor rule and 
la‘n:^'s law. 'rinis wh(*.n a wire is moved through a magnetic; 
ficdcl th (3 (dirrent induced in it must .he in such a direction, as 

* 'the vrnm in the tHuiductcn* of Fig. ;i05, i-opi’CHcntlng the tail of a retreating 
arrow, in to indicate that the current ilows away from the reader. A dot, represent- 
ing the head of an advancing arrow, indicates a current flowing toward the reader. 
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to oppoBO, tho niot.iou ; thorc‘fon* th* liuhard current tvilj he in 
mv.h a direvtion to Inereme the nutnher of Iihvh on the hhU 
Ummrd whieh it is movini/,^ 

361, Strength of the induced E.M.F. 'Vho slrmi^th of an 

indiUHjd in found to doprud *siinplv upon the ninnherof 

lines offoree. out per seeontl by i\\o riuiduoior, or, in tlu'. v\m\ 
of a coil, upon ilus rate of ehatuje in tlu' numbtu' of Uuoh of 
force wliicli piusH through the. coil. 'riu‘ ntrength of thc^ current 
which llowK in thou giv(‘n by Ohurn law ; that is, it is equal to 
tho.iuducHsl K.M.K. dividtsl by the. n‘siHtnnc(* of llu^ cinniit. 
The number of linen of forc<^ which tlu'. conductor cuts per 
second may always bo detiu’uuiu'd if wo know (lui vtdtudty of 
the coiiduc.tor and tht^ sl-rcngth of (ht^ magnetic titdd through 
which it moves. For it will rtunembered that, acctmling to 
the convention of § 270, a (iidd of unit stnuigth m said to con- 
tain one line of forces per K<|uan^ centinudm', a (hdd (jf 1 ()()() 
units strength 1000 Hues per S(|uari^ ccutime(i*r, aio. In a 
conductor which is (fitting lines at tho rate* of 100,000,000 
per second there is an inducial K.M.K. of 1 voUJ 'Flu' naisou 
that wo used a (;oil of 7)00 turns instead ut asingh' turn in tlic 
oxporimont of § HHt) wiis that by thus making the c’onduetor 
in which tho eurront w^vs to he iudutrcal cut the lim^s of force 
of tho magnet 500 times insltaul of onct^, we ohlained 500 
timos as strong an indiuaul K.M.K., and ther(*ft>rc 500 tinu^s 
as strong a current for a given rcHiHt4ince in ilie (FircniiU 

362. Currents induced in rotating coils. Let a 4ii(n er net) turn 

coil of No. 28 copper wlrt^ he made muall emmgli to rotate between tlie 
poles of a liorHCHhoe magm‘t, and let it he eonm*etetl iitUi the eirenit of 
a galvanometer, pnndHely m in § 35(1. Starting with Un? coil in the jkjhL 
tion of Fig. 307, (1), let it he rotated suddenly cloekwine (hHjking down 

♦ThiH may lia thrown into a mnivc'nient rule ttf thmid) ast folUnv^: *' the 

conductor with tJm right Aund, (he ^Hugerit extending In the direetitm 0 / the lines 
(tf force to he cut; the thumb mill indicate the dlrevihn tf the indneed eurnnt,'* 

t This may ho ooiiHlclorotl an the ntdentiHe dejlnltian of the vtdl, ecmvimitmee ahmo 
having cUotatod tho legal doflnilitm given in § lUll, 
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from abov(') throng’ll 180^ A strong deflection of the galvanometer will 
he obsm'veil. L(‘t it be. rotuU'd through the next 180° back to the starting 
jKiint. All opposiUt (lelleetiun will be observed. 

Tlu^ lUTiuigmutnit is a djjniDno in iiiiniaturo. During tlic first 
hair of revolution [s(‘.o f'ig, :)07, (2)] tlm wires on the right 
si(U‘* ol’ the loop W(‘.re (uiltiug tlie liiu'.>s of forcte in one direc- 
tion, whil(\ th(', ^vi^^s on th(‘. l(d‘t side were cutting them in the 
opposiU^ dirc'c.tion. A c.ummt was 
being g(‘.ui'.rated down on the right 
side of tlu'- (‘.oil and np on tlu^ l(d‘t 
sid(‘. (s(n'. (lynanio rule). It will lie 
set‘.n that both (uirnuits flow around 
tlu^ (‘.oil in the sauu^ dircudiou. Tlio 
iudiKuul e-uriHmt is strougi'.st when 
the (‘.oil is in tlu^ position shown in 
Fig. ( 2), Ixn'.ause theni tiui lim'.s 
of for(‘(‘- ar(*. l)(‘iirg c.ut most rapidly. 

Just as Uh^ (mil is moving into or 
out of tlu^ position shown in Fig. ^07, (1), it is moving 
to the Um‘S of foreis and heue.e no eurrent is indiieed, siiiee no 
liiu’S of fore(‘. are lufmg e.nt. As the ('.oil moves through the 
last 1HU'‘ (jf its n^volution both sides are eutting the same lines 
of ror{^e as liefons hut tlu‘.y ar(‘, c.utting them iii an opposite 
diiH'.e.tiou ; ]mwi\ tlu^ e,urr(‘nt gmunuted during this last half is 
opposite in diree.tion to that of tlu‘. first half.'^ 

(QUESTIONS AND PROBLEMS 

1* Umb'r wbal eoadhiotm may an (‘liH'.tric current bo produccxl by a 
magni'lY 

2. A I’lirnuit in flowing from top to bottom in a vortical win*.. In 
what diriMtUon will tho wire tend to movo on account (jf tlu‘. earth’s 
magncU(t lii*ld ? 

3, Static L(m'/.’H law, ami show liow it follows from tho princi])l(i of tho 
couHcrvatiou of cmu’gy. 

^ A laboratory (.xpi*rhnont on tho prlnclplos of huliif.tlon should ho iiorforuu^d 
at about this point. Hchi, for oxainplo, Experiment IKJ oC tho authors’ manual. 





Fro. 807. Direction of enr** 
rents induced in a coil rotat- 
ing ill a magnetic field 
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4. If iht^ otnl of a sonsilivo Knlvuu«imo(or in Mfl tu HwiuKinK whilb 

Ui(‘. ohr.uit thro\iKH it ssill routiuuo t«i ^wni^ for a long 

l.iirK*, ; Iml. if tlu* roil is .short -oiroiulod, if, will com.* U* nvst uftiM- a very 
fovv usc.illalituis. WliyV ('I'ho oxporimont may oasilN ho (rhsl. Uimiomu- 
h(*.v Uiat, currouts art* iiahussl iu flu* moving foil. Apply lam/.'s law.) 

5. A c.oil is ilirust. ovor Mu* S pt»h‘ of a magm*(. Is tin* dirooiiim nf 
t.ht*. indumul (‘urrtml (‘hu’kwiso t»r ctmulon'loi’kwiso as yoti hsdv 
upon tlu'-.fioltdi* 

6. A ship having an iron nisiHt. is sailing oust. In w luil iliiwlion \h 
tint K.Al.F. imlucod in Urn mast, hy tlm oartlds magtiolio rnddV If a win* 
is brought, from tin* l.oi» id' Un* mast to its bottom, m* imrront will How 
through tin* cinmih Why? 

7. Wlmn a wire! is c\ilUt\g linoH of forri' at tin* rato of ltUi,(Ul(ktU)t) 
pur sncoiid, tlmro is imhmod in it an K.M.IA of om* \olt. A vorfain 
dynamo annaluro lias nO riiils id’ o loops oatdi and maki’s fjnti rovolutinns 

^ par luiniitn. Kavh win*. I'.uts 2>tH)(h()t)0 linos of foroo twioi* in a ri*volntinu, 
What is tho H.M.F. dovi*lopodV 

8. If a ooil of wiro is rotatod idiout a vortical axis in tin* oarth's 
Hold, an altornatiug mirrout is st*t up in it. In what poHitiou is tho ooil 
whuu tlu* current changos diroi*tionV 

i/ 

Dynamos 

363, A simple alternating-currant dynamo, Th^ HimpluHl 
form t)f eommnr(*ial tlyuamo coiiHiHlH of a i*uU of win* ho armiigtul 
as to roiaio (mntinuouHly IndAvi'on Urn polns of a powerful 
oketromaguol (Fig, HOH), 

In order to makt^ tho inag™ 
notic fkdd in whio.h Uu^ ooii- 
dncitor is moved as wiroiig an 
puBaibkk tho tmil is wountl 
upon m iron tairo (I '^riiis 
greatly iiutrotusc^H tlu^ total 
mimbar of lim^s of magmdk^ 
fonio whitjh ].)ttsH botwcum A" 
and S, for tbo core offers ati 
iron patli, as shown iu Fig, 

809, instead of an air path. 





Fiu. 8UH, liiiig-wgund arumturn 
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Tlio rotating part, (‘.onsisting ol’ tlie coil with its core, is 
calhi<l t.lu‘, ((rniafiur, IT the (‘.oil, is wound in the imirmer shown 
ill Figs. and tlu*, aruiatiin*. 

said i.o ln‘ of tlu‘, r//n/ type; if 
ill i,lu^ manner shown in h'igs. ^VlO 
and rd 1, it. is said (o 1 h* of the 

({nun typ(‘. 'Tlu'. lat.te.r form of .^ArXfcf Vu-S""“ 

wind ing is list'd almost e.xeliisivt'ly • 
in niothn'ii maeliines. - y - 

( )ne I'nd of the coil is attatdu'.d 
t(. Uu‘. iuHulalcd un-tal ring A, wliinh „f rhig 

iH iit.lai’lifd rigidly I.o Uin .shiiJ'l. ol' 

ilui armature and tlu'rt'.rore rotatt^s with it, while the other end 
of tlu^ foil is attaeluHl to a st't'ond ring /i*'. The brushes h and J', 
which eonstitutit tht‘. U'.rminals of 

pnru-nnnnrttTr^ 

th(i (\\t(U‘nal e.ireuit, are always ^ ^ 

in eontael. wdth (lu'St^ rings. 

Ah tiu'. coil r^lt■ai.^^s an in- 

du{M*d aUt'rnaliiig eitrrent (lasst^s 

tlinmgh tlu'. eirtunU d’his e.ur 

null n'vttrses dirt'ction as often 

an the e.oil passt's through tla^ ,, , 

^ ” tni.aiO. Unuii-wouiid armature 

position shown in Mgs. iUd) and 

81 U that is, Uui position in which the e.onductorH are moving 
parallvl to the liiuss of fortu*. ; for at this instant the eondlictorH 
which wt‘re moving up hiigiii to 
move, down, and tliosi'. whitdi wi‘ri'. 
moving down ht'gin i.o move up* 

'‘riu*. (Uirreiit rtawdu'S its maximum 

value when tht* etiils are. moving dV’l fcf ||oD ) 

through a position U0“ farther on, , 

for then the lincH of force are l“i ’ 

being eul iu..kI rapidly by the een- 

ductors uu both sides of the (joiL armature 



Km. SiO. Unuii-wmuKl armature 
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1 ulii‘nmtin|^- 

cuvn^ut ilymvuui 


364. The multipolar alternator. For most cmuim'n'ial jair}M»Ht‘s it ig 
fouiul dtssinihlt* to liiivo lliO uv iut»ri‘ aUv-ruiitiouH t»t* furviuit \ivv msHnul 
TliiH ctiuUl not In* atUiiiunl onsily with t\vo|.ol«* uiarhiiM-s lik,* thoge 
skotohcd ill Fijjfs. dOS to 31 1. IIoium* 

(UiiuiiKUv.ial iiltt'rniiUirs arc usuully 
built witliu larg’o luimln’r of jiok's 
albu’iiatfly N ami arnuij^od 
aiHKUul thn (‘ircumforfm’t* of a 
circlo ill tho uuiumu* hIiowu in 
Fig. 312. "fho (lotUnl lini'H n'prc^ 

Bont tlu\ (liriu'.tiou of tlu* llm's of 
iovcu through iUu iron. It will lu* 
aeon that tlio (‘oils whieli ari' pUHS” 
ing heiKUith iV poh'H have imhunul 
currenta aihi up in them, Uu^ direi*» 
tiou of whieh is oppositt' to that 
of the currents which are imhu'ctl 
in the conductors which are puHslng binu'ath the S pi»h*s. Since, Imw* 
cv(*r, the direction oT winding of tln^ armature cjiIIh changeH Ijctwi’cn 
(•ach two poh‘s, all the induelivt' ('(I'ccts of all the poles are added in the 
coil and ^^nsUtute at any instant one single eurrent lhaiing around tlu* 
comple.hs circuit in tin* matun'r imlhuiteil l»y the arrows in the diagram. 
Tliia current nna'rses diree^ 
tiou at the instant at winch 
all the coils j>ass tin* midway 
points hetwinm the N and S 
jioh'S, 'riie numh(n* of allenia” 
tious pin* second is (‘ipial to 
the iiumher of jioleH multi- 
plied by the numlu'r of nw'o- 
lutiouH per second. The Held 
magnets N and S of siudi a 
dynamo are usually excittsl 
by a direct current from sonn^ 
other source, Fig, 313 r(*je 
resents a modern commercial 
alternator. Fkj. huj. MteriiatlngHunTent dynamo 



'365, The principle of the commutator, Ily thu uwi nf a ho- 
called oommutator it in poHBiblc to traunform a eiUTcnt which 
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is alternating in the coils of the armature to one which always 
flows in the same (liri'.ction through the external portion of 
the circuit, sim[)lest possible form of such a commutator 


is shown in hhg. 314. It coi 
whicih is split into l.wo tu(ual in- 
sulatcul so.mic.irc.ular s(\gm(‘,uts 
a and c. OiU', (‘.iid of the rotat- 
ing (‘.oil is sohhu’cul to oiui of 
tluusosenh(‘.ir(4(‘s, and tlu‘, odun* 
end to the otluu* semiclnde. 
Hrushes h and // arc scL in 
such positions that tlu\y lose 
(joniac-t wiih om^ si'.miinnjln 


sists of a single metallic ring 



814. U'ho fiiinpks c.oimnutator 


and niakc^ coutac.t wiih tlu^ other at the instant at wliieh the 
c.urrmd, (^hang(‘K diretU.ion in the armature. The current there-- 
fore always passes out to the (^xUa‘nal circuit through the 
same) brush. While a c.uiTent from sueb a vxnl and commu- 
tator as tliat shown in ilic figure would always flov, in tlui 
sanu^ direction tbrongli the ex- 
ternal ciremit, it would be of a 
pulsating rather than a steady 
(‘hara(it(ir, for it would rise to 
a maximum and fall again to 
zero twi(JO during cacdi complete 
revolution of the armature. "Diis 
effiict is avoitltMl in the connner- 
(ual (linud-tnirnnit dynamo by 
building a (Hmmmtator of a largi^ number of segments instead 
of two, and cuiumuding each to a portion of the armature coil 
in the manntu* shown in Fig. 315. 



Fi(i. SIT). a'wf)-i)olG diroct-currout 
dynaino with ring armature 


366, The ring-urmature direct-current dynamo. Fig. 8ir) \h a diagram 
illuHtrathig Ihn (uniHtruetiou of a eommeroial two-pole direct-current 
dynamo of the ring-armature typt^ 'rhe figure n'.prewmta an end view 
of a core like that «hown in Fig. 808. The coil is wound continuouHly 
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around the core, each segment being connected to a corresponding seg- 
ment of the commutator, in the manner shown in the figure. At a given 
instant currents are being induced in the same direction in all the con- 
ductors on the outside of the core on the left half of the armature. The 
cross on these conductors, representing the tail of a retreating arrow, is 
to indicate that these currents flow away from the reader. No E.M.F.’s 
are induced in the conductors on the inner side of the ring, since these 
conductors cut no lines of force (see Fig. 309) ; nor are currents induced 
in the conductors at the toj) and bottom of the ring where the motion 
is parallel to the magnetic lines. The addition of all these similarly 
directed currents in the various convolutions of the continuous coil on 
the left side of the ring constitutes one single current flowing upward 
through this coil toward the brush h (see arrows). On the right half of 
the ring, on the other hand, the in- 
duced currents are all in the opposite 
direction, that is, toward the reader, 
since the conductors are here all 
moving up instead of down. The 
dot in the middle of these conductors 
represents the head of an approach- 
ing arrow. The summation of these 
currents constitutes one single cur- 
rent also flowing upward in the right 
half of the coil toward the brush h. 

These two currents from the two 
halves of the ring pass out at h 
through the external circuit and back at ?/. This condition always 
exists, no matter how fast the rotation ; for it will be seen that as each' 
loop rotates into the position where the direction of its current reverses, 
it passes a brush and therefore at once becomes a part of the circuit on 
the other half of the ring, where the currents are all flowing in the 
opposite direction. 

If the machine is of the four-pole type, like that shown in Fig. 316, 
the currents flow toward two neutral points, or points of no induction, 
instead of toward one, as in two-pole machines, and they flow away from 
two other neutral points (see p)Pyp')P% Fig. 316). Hence there are 
four brushes, two positive and two negative, as in the figure. Since the 
two positive and the two negative brushes are connected as shown, both 
sets of currents flow off to the external circuit on a single wire. The 
figure with its arrows will explain completely the generation of currents 
by a four-pole machine. 



Fig. 316. Four-pole direct-currenL 
dynamo, ring-armature type 
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367. The drum-armature direct-current dynamo. The druni-wouad 
aninitur(‘, .shown in section in Fi^^ IU7, has an advantage over the 
ring arinatnn^ in Uiat, wliile tlni con- 


ductors on tin* iiisid(‘- of the hithn* 
n(‘V(‘r cut liu(‘s of Ctunu' and an', tln'ri'- 
fon'. always idh', in tin' fornu'rall of tlu* 
roiuUnd.ors an' cutting lines of forc,<^ 
cxet'[)t wlu'u tlu'Y are. passing t.lu', ik'u- 
tral p<»ints. In theory, howev(‘r, tli(\ 
np(*ration of Uk* driun annatuia'. is ])r(*- 
cisely t-Ii(‘ saini'. as that of tin', ring 
arnuitnr(‘. All Uit*. condue.lors on tin* 
left side of tin' liiu' coniuHdilng tlu' 
ijrtislu's (si'e, l‘'ig. 317) carry indiuu'.d 



Kkj. 31,7. The direct-current 
dynanu), drum winding 


luirreuts which Ihiw in one diree.tion, while all the conductor's on the 


right .side of this line have 
o]:»posite currents induced in 
th(iin. Tt will bo seen, how- 
(‘ver, in tracing out the con- 
nee, lions 1, Ip 3^, 3, 3p ct(t., 
of Fig. 317 (tlui dotted lines 
rc'.pn^scmting conneetious at 
t.he, baede of the drum), that 
th(‘, (S)il is SC) wound about tlui 
drum that tlie ourreuts in 
bo til halves are always flow- 
ing toward one brush bj from 
whiith tlu'.y arc led to the ex- 
b'rual e.ire.uit. Fig. 318 .shows 
a typical modisru four-pole. 
Fm. aiH. Uoll./('r4!ahot four-pole dins-U generator, and Fig. 310 the 
curn'iiL gemwator corresponding drum-wound 

armature. Fig. 320 (p. 805) 
illustratc's nicely the metlio(l of winding such an armature, eae.li coil 
begiuuiug on out' .segnumt of tlu^ 
commutator and ending on tlu^ 
atljaceiit segment, 

368. Series-, shunt-, and compound- 
wound dynamos. In direct-current 
macliiucH the field magnet NS is 
exciUnl by the eurretit which the Fm.310. Holtzer-Cabot armature 
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dynamo itself pn>diUM».s. lu I lie so-eallfil shnnt trunm/ maehIneH a small 
[Kii-fciou of thi^ e.urrerit is led olf fr<m» Mie hruslies thnm^di a ‘(real, many 
turns of lint‘. wire wliieh eiieiri'U* the iMii’e ol liie niu>;;iiet, wliilt' tht‘ rest 
of the current llows i-hrouj^ii the external eirenit (Sei* In {]n\ so- 

called aarlvs-traianl ilijnnmo ( •V2\) tlu' hole of tlie eurrimt is earntul 

throu^'h a few turns of e<iars(' win* wiiieh emdrele the litdd im^futdH. 
These turns are then in series wilh (heexUu'ual idreuit. lu tlie eo/a/anoa/- 
wonnd uKirhine (Fig. dUli) then* is ludli a series ami a shunt coil. By 
this arrangement it is ])ossil«le to mainluiu a eouslant potential diIT<‘r* 
(‘ucm hetwt'en the, hrushesy no matter ho\v much llu* resislant*«* of ilie 
external circuit may he varimh Ileuee, for purposes iu which a varying 


MalnCirruIi 




Fm, The coinptuuuh 
Wound dynamo 


current is demamh'd, as iu inc*andi*Heent lighting, the operation of stnait 
cars, etc., com|umn(l»woiiml dynunioH are alnumt f*xcluHively nstsL 

Tu all tlu'se tyties of mdfa'xciting maehineH tliere is enough vi'sidnal 
magnctisin left iu tht^ iron cores after sioppitig to start feehle iuduei’d 
curnmtH when started up again, I'luxst* mirnmtH immediat4*ly uiereaMc 
the fltrtmgth of the magm‘tic thdd, and ho the inachlm' t|ulekly hnihlH 
up its current until tlu^ limit of magnetimtion is reached. 

For incaiuh^stuuit electric lighting it is tuistomary h» use a ilynamo 
of the comjiound type whii-li giv<*s a IM). between its mains ” of either 
110 or 220 volts. The lam)m are always su*ranged in parallel between 
thcBo mains, as is illustraU'd in Fig. 022. In arc lighting a serit’s^wound 
dynamo la usually used, and the latups are aluumt invariably arranged 
in scricR, as in Fig. 1121. About 00 lamps arc commonly fed by one 
machine. This reipures a dynamo capable of prodtudmg a voltage of 
2500 volts, since each lamp rmpdres a pn‘HBure^ <jf about 50 volts. Hince 
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an arc light URually requires a current of 10 amperes, siicli a dynamo 
must furiiisli 10 aiU]»ereH at 2 j,) 00 volts. The power is therefore 
10 X SoOO = 20, ()()() watts. Tlie dynamo must therefore have an activity 
of 25 kilowatts, or about 08.5 horse powei\ 

369. The electric motor. In construction the electric motor 
differs in no esstuitial .respect from the dynamo. To analyze 
the operation as a motor of such a machine as that shown in 
Fig. 81e5, suppose a cur.r(mt from au outside source is first sent 
around tlu^ (M)i!s of tlu‘, field njagnets and then into tlie arma- 
ture at //. Ih'.n^ it will divide and flow through all the con- 
ductors on the hd‘t lialf of tlie ring in one direction, and through 
all those on tlie right lialf in the opposite direction. Hence, 
in ae,e,or(huuu‘. with the inotoi* rule, all the conductors on the 
left side are nrgi^d upward by the influence of the field, and 
all thosci on the right side are urged downward. The armature 
will tluu’e.fore lu^gin to rotate, and this rotation will coiitinue 
so long as the e.urriuit is sent in at // and out at h. For as fast 
as coils pass eitli(*r h or //, the direction of the current -flowing 
through' them cJianges, and therefore the direction of the force 
acting on them ehanges. The loft half is therefore always 
urged up and the riglit half down. The greater the strength of 
the curreut, the greater the forcjo acjting to produce rotation. 

If the armature is of tlu^ drum type (Fig. 317), the conditions 
arc not (essentially diffevent. For, as may be seem by following 
out the windings, the curvcuit entoiug at V will flow through 
all tlu^ c.onduc.tors iu the left half in one direcjtioii and through 
those on the right half iu the opposite direction. The com- 
mutator kec'-ps these eonditious always fulfilled. The analysis 
of the operation of a four-pole dymuno (Fig. 316) as a motor 
is ccpially siuiple. 

370. Street-car motors, Hfcrnct cars are nearly all o]M‘ratecl by 

dirt'.cirourreut HcrieH-wcmml motors ])la(5i‘.d iuidc',r the cars and attached 
by gears to tlu^ axles. Fig. 828 shows a typical four-pole street-car 
motor. The two upper lUdd poles arc raised with the case when the 
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motor is opened for inspection, as in the figure. The current is generall; 
supplied hy compound-wound dynamos which maintain a constan 
potential of about 500 


volts between the trol- 
ley, or third rail, and 
the track which is used 
as the return circuit. 
The cars are always 
operated in i)arallel, as 
shown in Fig. 324. In 
a few instances street 
cars are operated upon 
alternating, instead of 
upon direct-current, cir- 
cuits. In such cases the 



Fig. 323. Fail way motor, upper field raised 


motors are essentially the same as direct-current series-wound inotorf; 
for since in such a machine the current must reverse in the fiel 
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Fig. 324. Street-car circuit 


magnets at the same time that it reverses in the armature, it will t 
seen that the armature is always impelled to rotate in one directioi 
whether it is supplied with a direct or with an alternating current. 

371. Back E.M.F. in motors. When an armature is set ini 
rotation by sending a current from some outside source throng 
it, its coils move through a magnetic held as truly as if th 
rotation were produced by a steam engine, as is the case i 
running a dynamo. An induced E.M.F. is therefore set ii 
by this rotation. In other words, while the machine is actin 
as a motor it is also acting as a dynamo. The direction of th 
induced E.M.F. due to this dynamo effect will be seen, froi 
Lenz’s law or from a consideration of the dynamo and mote 
rules, to be opposite to the outside P.D., which is causin 
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current to pass tlirougli tlio motor. The faster the motor rotates, 
the lastt'.r the linos of ion'.e are cut, and hence the greater the 
value of this so~(*.alled hurk K. ALF. If the motor were doing no 
work, tlui sj)o,{‘.d of rotation would iiu'.rease until the back E.M.P. 
redutuul the tuirrcmt to a value simply sufficient to overcome 
frio.tion. It will 1 h‘. s(U‘.n, tlun’C'fore, that in general the faster the 
motor goc's, tlH‘. l(‘ss tlu*. (•urriait whic.h passes through its arma- 
ture, lor this oAirrimt is always (liu‘, to the differeyiae between, 
the IM). api)li(‘d at tlu^ bruslu^s — 500 volts in the ease of 
trolley oars -and tlio. l»aok K.M.F. Wlum the motor is start- 
ing, the. back K.M.K. is zero; and lumce, if the full 500 volts 
wer(‘. applu‘d to tlu‘, bruslu's, the curnuit simt througli would 
1)0 so large as to ruin the armature through overheating. To 
j)r(‘,vtm(. this (‘ae.h e.ar is funuslKul with a " starting box,” whiel) 
consists of r(*sistan(te (‘.oils which tlui motorman throws into 
s(M‘ies wi(h (lu*. motor on starting, and tlirows out again 
gradually as tla*. speed inc.r(MiS(^s and tlu'. hac.k E.M.F. eonsc- 
([lumtly rist‘H.* 

QUESTIONS AND PROBLEMS 

1. Explain lu)\v an alU'.riiatiag (‘.urrcuit in l!i(‘ annaturo is Lrans- 
fnrnn*<l intn a unitlinuU.innal (uirrcnit in tlin. external mvenUi. 

2. 'fwo Hiic'cnHHivj* (’oils nn tin? annaturn of a ]niil(nj>olar aliornator 
an* cutting lini‘M of force which I'un in o])])<)Hit(‘- <lir(*cl;i()nH. I low docs 
il. ha|i|H*n that l.h<^ (!in‘n'ntM gt*n<‘rat(ul How throngli tlio wires in i:ho 
sanu*. <HrcctionV (Fig, Slti.) 

3. A inul<.ip“lnr altinnud.nr has 20 poles and rotah's 200 times p(‘.r inin- 
tiii*. Flow many alttumatioiiH ])i‘r second will he ])roduc(*d in tlui cireuitV 

4. With tlu^ aid of the. dynamo rul(\ (‘Xplain why, in Fig. dlfl, tin*. 
curn*nt in the c(nuluc,torH und<n' tln^ soutli poles is moving toward th(^ 
observer, and that in tlic (^orulufttors under tin*, north ]>o1ch away fnjin 
the observer. Fxphun in a similar way ilic directions of Ihc arrows in 
l‘'igH. 015 atid 017. 

5. I'lxplain why Uu* hruslies in Fig. 010 toucli the c.or)i mutator in 
Uu^ posititniH shown ratlier than at sonm otluir points. 

* Tills dlHcuHstm Hlumld he followed by a laboratory experiment on the study 
of a small electric nmtfir or dymuno. Sei*, for example, Experiment No. OT of the 
atithors' mnunal. 
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6. Tf a (linM’.Unirnmt nuirhiiu' (»f i\u^ f^anif gfinM-ul typn an iliat 
shown ill Fi^, JR(5 hail twolvo iu>li‘s, how muuy lirushoM wouhl he uocdfd 
on the comnuitai.or-V 

7, n a ourrout. Is soui; into l,ln' arinaiuro (»f Fii^. .’Uo a(. //, uiul lakcsi 
out at by whioh way will Mhi unnat.urc r«‘vt»lvf'? 

8. Wlu‘ii aiU'Usd.ido fan is hr.st slartisl.t hootirnoil t hnuni^h it iMimudi 
gnmtor iliaii it is after l\u\ fan has attaimsl its normal HjH'fd. Why? 

9, If ill tlio iiuudiino. of Fi^. dllt a mirrent is sent in im tin* wire 
marlasl what will he tlu‘ dircetiou of ndalitinV 

10, Would an arinatun^ wound on a wtwulmi roro he as elTeetivt' as 
one made of tin' same uumher of turuH Wiumd on an imn eoiv? 

11 , Will it taki‘ inon* work to rotat<‘ a tlymuno urimiture wlu'U the 
circuit is closi'd than wln‘U it> is open? \\ hy V 

12, Show that if the reverse of Lt'nz’s law were true, a un«tt»r tuns* 
startisl would run of itsidf and dtj W(»rk; that is, it wouhl luruish aeas«' 
of perpetual motion. 

13, If a seri('s-wonnd ilyuamo is rnimini 4 * at a enirstant speed, what 
effect will he pvodueed on the slreuKtU <d Ihe tieltl uuuptets hy «limim 
ishing the I'xternal resistaiu’e and thus inereasinj^ tin* ettri'enl V What 
will i>e the idTeet on the. K.M.I'W (Uememher lliut the wlndt* current 
goes around tin^ Ihdd magnets.) 

14, If a shunlrv»n>uud dynamo is vnu at eoustanl. HpeisI, what elTeet 
will he prudiKU'd on thi^ strength of the llehl magnets hy redneing tln^ 
external re.sistaiuudf What effeet will this have im the F.M.F.V 

15, In an incandeHcmilrlighUng system tin' lumps are eoimeeted In 
pai'allel aoross the maiuH, Kvt'vy lain)) which in turned on, lhen» dimin- 
ishes the external resistance. Explain from a cotiHitleriUiim t»f Froldtuns 
13 and 14 why a eompouud-wouml dynamo keeps the IM). helween the 
mains constant. 

16, Explain why a serii's-wonml nmtor can rnn either on a direct or 
an alternating cinuiit 

17, If the pressure appliisl at tin* terminalH of a molor Is r»dti volts, 
^ and tlie hack i>r(',HSun‘, wlnm running at full sjM’cd, is ’lot) volts, what is 

the current ilowhig through the arnuilnn', its n^sUtance being It) ohmsV 
. 18, Single dymimo.s ofUm <tp(‘rate as many as lU,t)(Hl inefMidt*Ht*ent 
^ / lamps at 111) volts. If thest^ lamps an* all arranged In parallel and each 
rtxpiires a currcnd< of ,5 ampm*(s what is the hdal current furnished hy 
the dynamo? What is tin' activity of tln^ machim^ in kilnwatts and in 
Iiorso power ? 

19, How many llO-volb lamps like thosi^ of Prtddem IH can he 
lighted hy a 12,000-kilawatt geueraUn*? 

20, Why does it takc^ twice as mneh work U) kcu»p a ilynaino running 
when 1000 liglits arc on the circuit as when only hot) are turned on? 
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FRiNcin.K OK TiiK Induotion Coil and Transformer 

372. Currents induced by varying the strength of a magnetic 

field, hfl, alioiil. al)ll (.iirim of No. ^.S oojipor wiro bo wouiul around one 
(Old of nil iron c.oro, as in Fik- and oouuooted to the circuit of a 
galvaiiomoicr. l,ot about fiOO iiioro tuni.s bo wraiipod about another 
portion (d' tlio core and oonnootod iido tlio circuit of two dry colls. When 
tho key K i.s closed the dclloction of the. galvanomotor will indicate that 
a toinporary currcid. has boon induced in ouo diri'otiou through tho coil s, 
and when it is opened an equal but oiiposito dolloctiou will indicate an 
i*(iuai curn‘ut in tlu^ opposite dinH'.tiou. 

'Vhs (‘xpiu’inuMit illiisi.raUss ilm priucaplo of the induction 
(u)il and {\n\ traiiHroniua*. The (‘.oil which in connected to the 
Hounu^ of tho c.urivnt, 
in called thi^ pri/nnn/ 

(unl^ and the c.oil in 
which (ia^ (‘iirnaitH arc 
induced, is calk'd tlio 

Hvounditni rv///. ( ’ans- 

. ' .... . iMo.Syr). Inthiotlfin ()f (UiiTTiufc by inai?noti/ini^ 

UiK lines ol lo)c('. (o ami (ionuig'nntiziiig an iroiL coro 

Sprint*; into (‘xistinu^o 

insido ol* « in other words, nuipu'ti/dug tliospac'.e inside of b — 
has caUHi'd an indnc.cd curnait to How in b ; and domaguetfeing 
tho spai'o insiih^ of b has also iiuUu’od a current in in accord- 
anco with ( ho gtsu'ral princ,i[)hi stated in § HHH, that any chanye 
in I hr numher of inatjnv(io Hhvh of force whioh thread through a 
coil iiuluccH a cnrrcnl in. (he coiL Wo may think of tho lines 
as always existing as closed loops (sec Fig. 285, p. 274) which 
c.ollapHo upon chnuagtud^izaiion to more doidilo lines at the axis 
of tho coil Upon magiH‘tizutiou one of tluiso two linos springs 
out, cutting tho imcircling c.ouductors and indmung a cnirrent. 

373, Direction of the induced current. Jjcu//s law, which, 
it will ho ronusnborod, followod from the principlo of conser- 
vation id energy, oualihss us to predict at ouco tho direction 
of tho iutlueud cmrronts in tho above experiments; and an 
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observation of the deflections of the galvanometer enables ns to 
verify the correctness of the predictions. Consider first the case 
in which the primary circuit is made and the core thus magnet- 
ized. According to Lenz’s law, the current induced m the sec- 
ondary circuit must be in such a direction as to oppose the change 
which is being produced by the primary current, that is, in such 
a direction as to tend to magnetize the core oppositely to the 
direction in which it is being magnetized by the primary. This 
means, of course, that the induced current in the secondary 
must encircle the core in a dhection opposite to the direction 
in which the primary current encircles it. W e learn, therefore, 
that on making the current in the primary the current induced 
in the secondary is opposite in direction to that in the primary. 

When the current hi the primary is broken.^ the magnetic 
field created by the primary tends to die out. Hence, by Lenz’s 
law, the current induced in the secondary must be in sucli a 
direction as to tend to oppose this process of demagnetization, 
that is, in such a direction as to magnetize the core in the same- 
direction in which it is magnetized by the decaying current 
in the primary. Therefore, at break the current induced in the 
secondary is in the same direction as that in the prionary. 

374. E.M.F. of the secondary. If half of the 500 turns of 

the secondary s (Fig. 325) are unwrapped, the deflection will 
be found to be just half as great as before. Since the resistance 
of the circuit has not been changed, we learn from this that 
the of the secondary is proportional to the number of 

turns of wire upon it — a result which followed also from 
§ 361. If, then, we wish to develop a very high E.M.F. m 
the secondary, we have only to make it of a very large number 
of turns of fine wire. 

375. Self-induction. If in the experiment illustrated in 
Fig. 325 the coil s had been ma.de a part of the same circuit as 
p, the E.M.F.’s induced in it by the changes in the magnetism 
of the core would of course have been just the same as above. 
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111 oi.licr words, when a mvreni starts in a coil the magnetic 
field it itsedi prodinu^s tends to induce a current oppo- 

site in dirc‘(d.ion i.o that of the starting (Uirrent, that is, tends 
to opp(xse. tiu', starting of the (uirrent; and when a current 
in a (ioil st.ops, tlu^ (‘.ollaj)Si‘. of its own inagiietic field tends to 
induce a (*.nrr(‘.nt in tlie s<vnu‘, direction as that of the stopping 
current, that is, ttnids i,o oppos(‘, the stopping of the current, 
hliis UK^aus nun'(‘ly that, a mrre)it in a mril atfis as though it had 
inertia, and oirposes any aitenept to start or stop it This inertia- 
liko olTiic.t of a (!oil upon itstdf is called self-induction. 

Let a f(^w dry (•ells lu‘ iuH(‘rt-.(^l into a circuit containing a coil of a 
larg(‘ number of turun of wire, tlu^ circuit l)cing closed at some point by 
tioiudiiug two bare ('opixu* wir(*H togcvlhor. Holding the bare wire in the 
fnigtU'H, break t.lu* circuit ]>etweon tlie lianda and observe', the shock due to 
Ihe e.urn'ut wliitdi tlu'. K.M.F. of s(‘lf“induction sends through youx'body. 
Without tli(' coil ill e.ire.uit you will obtain no such shock, though tho 
currt'ut si.oppi'd wlien yon lireak (hc\ cirenit. will b(^ many times larger. 

'‘riu^ spark (toil on aii atiioniobih', is a good illustratiou of a device for 
jirndiutlug a spark due to S(*lf-iudiictiou. 

376. The Induction coil. Idie induction (joil, as usually 
made (h'ig. 32(>), eonsisl-s of a soft iron (jorc C, composed 

of a hiindlo of soft iron wires ; a 

it , . 

primary coil p wrapped around 



Fio, S2(k Inthuitlon coil 


this core, and cousiBting of, say, 200 turns of coarse copper wire 
(for example, No. 16), which is connected into the circuit of 
a battery through tho contact point at the end of the screw 
d ; a secondary (*-oil s surrounding tlie primary in the manner 
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iutlicatiHl in tlu* <Hai{rauu hihI < mh 4 4iir,r i^iu ritUv ttf Imhveen 
80,000 and fJJOOjHXJ imn^ *»f N‘’. -O; .Mj.|.rr uuv, th,. 
lialH (if \vhirh uir tln^ f muI f' ; an.t a haiHiiU'r A, or 

nllun* auttjuuitii’ !mi ainl larakiug 0|^ 

cimiil. of the priuuvvs . 

I,rt Vhr h5UJUn«-v ^ h»-t4 ^is.- i^nntby 

IIU'IUIH ttf rui|^<*r* thru fMUrhr-.l !*» tht.^ fU»'U |.i--::»-4 ‘luirlily 

A apnt’k uhH Jlmmi !.■< f H', : f 

'rhin in i*u mn-Munt ^4 thr t‘| j-* nis,/ s»a!-i-n- - .i? lu.Oir ui »i4{, 

inductihai in thr |»rinuir>, th*’ uui45r-?i» lu -I .d-.-.-a i^uui^ry nm% 

vf»ry ^nitliuUly I** its full iHttriH^tln, fiu»l ius*-! juIm tht4ii*e, 

tmtiary in»il ruuqaioitivrlv .-4^^!’* '* >• .■?, . I-, tb 

coiiUwt iMiimt'i vrry tpii'-U) r-4u su-.sk^> • 5iif--5a m l!.** |*ni«uiryfall 
i(1 III au l*\i'rr4llU-0> '”4i*al I’*-! i- ,s![>-'i i!r..vsr tluiU .tHKKIl, 

Bwmul*, that U, \\r vmi nmU' all *4 a.^ h%v i --^.f .4 l!^»^ .-mjI 

tilUt^ 1 1 flirt* I hr lit ^^hsrh hlr-’ithj.' ifl tia ;„;i. ...» . -it I Lei .^rs-ssiuf^yy 

i« pt*r}ia|»H liittHHi tiiurs «o to til fiiirsrfi.rf? tlit» 

K.MeF. in liUa lik** .4-* hx fKi.1 iii»tmiii ttw 

of Uu’ i*»iih th«' rirruit. *4 thr |-huu 4 o t% iiu«l hrtikrn 

at/i hj inrHiiH of iho uni^ii*4 mol m iL*-. 

thu {4l*rtTi.a hrll, Lot Uir ^lloh'Stl. Ihl'i )4 lli*'! rMil h«r hhu« 

'I'ho routlriiiU'r, »h«*wn in ih«* 4 o4k:ias«, «iih tin ni-u t*f |4ii.ti*^ 
tmmiwUHl to tho pontii{rO»ti on rUlo^ir ftoivi »4 hriworii r 

aud 4, la not an o?iiiriiUiil |*art of « r-4, h3,>i tih*-n n i-> luiroilnrrd it li 
found tlmt tho huiicth of tlio ’^.rn^. hriWfr*a I 

and in tsonnidoriihly liirrmwl I'lo* I W|p»n ikn 

circuit in hrokon at tho inotiiit, iloit iL.»s ^>,-1! Hidu. to.u, i.4 thf |‘ri* 
mary cuironti huidn n* iiiiko u »|^4iik i4ri*o^ 4 t** k; and if 

thin htt|»j*onn, tho nirrmt rottijii«o'^ !<"* li-^w ihm »|»4rk tor arc) 

until tho ioritiiimln hiivo hrr*uno i%r.| ^ i-^^n*o4«ir^hW dli* 

tanco* This inakM tho riirf»*'iil 4io «»| «®44ofdyi 

an It ought III do to |»rfwhirr ^ I; lioi k la* 

Hirh^dt till WHIII %Ah to .llh*-! rnirff^’Ssl L- iuni llli 

oondonaar, and thin givrn iho hauoioir r*,« froiii 

fi that an arc rannot t»o f?^roird orr-ao'-’^ 4 hrrali and a 

high K.M.F, HInro a. is|i*irk h-ris%;j'ris ? i^s^.4 r 4I hmk, II 

munt always jiann In tho mioo dirr^iiMO !.?v h "Ji iorh ^sf^arfai 

(prhai»a fuithtHH:) ¥idl«| aro fo«l, Hn* In i|.^nali| liafi 

hundred« of uiiloi of wiro is|«»sis tlm^ ^ 
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Eia, 327. Core of iii- 
Kulatod iron wires 


377. Laminated cores ; Foucault currents. The core of an induction 
coil should always hi^ nuuh*. of a bundle of soft iron wires insulated 
from oiu‘. anoUu'r by means of slu'llac or varnish 
327); for wIkmhwcm' a curreni. is started 
or stopptMl in tlu'. i)riinary /> of a coil furnished 
wilLa solid iron cow. (s{'(‘ Fi”‘. 32S), the change in 
tht^ uvagmd.u^ iitdd of the. [»viiuary Induces a eur- 
nmt in tlu', e.oudueting tron^ C for the same reason 
that it iuduc(’s om^ in tlu' secondary s. d'his cur- 
rent Hows around the*, body of tlu^ core in the 
same dirt'ctiou as tin*. indu(u‘(l eairreut in the 
st'coudary, tliat is, in tin*. dir(*ctiou of the. arrows. The only effect of 
tlu*H(^ Ho-ealled (‘ddi/ or P'oucanlt curr(mts is to In*, at the core. This is 
obviously a wasb^ of ('iiergy. If we c.im prevtiut th<*. 
app<'arau<!e of Uit'se currc'uts, all of the eiuwgy 
vvhi(di Uu*y would waste, in lunitiiig the corii may 
h(^ mad(^ to appear in tlu^ mirnmt of the secondary. 

Tlit^ e.(jn^ is tlu‘r(‘fon^ built of varniHli(‘d iron wires, 
whieh run parallel to tlu*. axis of tin*, coil, that is, 
jierjiemUe.ular to the direction in which the cur- 
r(*uts would be. iudueed. 'riu*. indiuu'd JO.M.F. tluuxi- 
for»^ liiids no closed e.ircuits in whi(di to H('.t u\) a 
current ( I'ig. 327). It is for tin*, sauui reason that 
tin* inui 1 ‘ori‘S of dyiuuuo and motor armature*, s, ii^sti'.ad of being solid, con- 
sist of iron disks plae.t‘<l sidi^ ))y sidf*, as shown in Fig. 321), and insulated 
from one another hy lilms of 
oxide. <‘ore cd this kiml is 
(Uilled a Inmintdvd core. It will 
seen that in all sneh (ujres 
the Hpaees or slots lu'tween t.ln^ 
lajiihue. must run at right angh*s 
to tln^ dircuvtion of the. indmutd 
F.M.F., that is, perpi*ndie.nlar to 
the. e.ondn(d.orH upon the. ct>n*. 



Fia, 328. Diagram 
showing eddy cur- 
rents in solid core 



Km. 32D. Laminated driun-armaturo 
core with commutator, showing one 
coil wound on the core 


378. The transformer. 'Tho coiniiuu'cial iraunfonuor is a 
iiHHlil'unl form of iho induc.Uou coil. The chiof difforcnco is 
that du'. c.ori^ U (Kig. 330), instead of Ixiing straight, is bent 
into tln^ form of a ring, {)r is givtdi some other shape such 
tivat the mugu(d.i{5 lines of foreo have a coutiuuous iron 
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path, iuHtead of being obligcul to push out inin tli(‘ air, as in 
the induction coil. Kurtluu'nuuHs it is always an alita’uating 
instead of an inUu’inii teut lairrcnt which 
is sent through th(^ primary Send- 
ing sucli a (airnmt through .1 is (*([uivu- 
lent to niagjud-i'/ing tlu> con* first in out* 
dircudiion, then dmnagmdi/Jng it, then 
maguetiziug it in the opposiU* direc- 
tion, etci. d'he n‘sults of thesi^, changes 
in the iuagm‘.tism of tht* con* is of 
course an indmujd alUn’iiating curnmt in tta* secondary IK 

379. The use of the transformer. d'h(* usi* of the Irausfonuer 
is to convert an alternating current from om‘ vollagt* to 
another whitdn, for some reason, is ftanul lo lx* more eonvenienU 
For example, in elt*(*.lrit*. lighting wlun*e an allernating enrnml 
is UHOtl, thu K. M . K. 1- 

crated by the dytiamo 
is usually eitlua* 1100 
or 2200 volts, a volt.- 
ago too liigli to be in- 
troduced sa fe. ly in tt > 
private houses. Ihau*,!*. 
transformers arc con- 
nected across tlu*. tnain 
conductors in tla^ nian- 
uor shown in Fig. 331. 

The current whicli passiis into thi^ Iiouhch to supply Uie lamps 
does not come dinx'.lly from tlu* dynamo. It is mi indii<H‘d 
current gcnoratcxl in tlu^ transfornuu’. 

380. Pressure in primary and secondary. If there art? a fi?w 
turns in the primary and a large number in tin? settoudary, Uie 
transfornu?!’ is called a Htep-np transformer, hett-aust? tlic IM). 
produced at the U?rminalH of the setjundary is greaU*r tluui that 
applied at the terminals of the primary. 'Flms an iudueUuu 



asi. Altt'rnuUn^ ininrat lighting rhvuit 
with trHiiHfnnuni’x 
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coil is a step-vi[) transi’oniier. In electric lighting, however, 
tnuLsCoriiuvrs art*, mostly of tlui .^top-down type ; that is, a high 
IM)., say, 2:20() volts, is applit^tl at tlie termimi] of the primary, 
and a lowt‘.r IM)., say, 110 volts, is obtained at the terminals 
ol' tilts stst'ondary. In sut'h a transhirmer the. primary will have 
twenty tinu'S as many turns as tht*. ststusudary. In general, tho. 
rdtlo iH'tiOvvii the. V(dt(i(/VH n( the terndiudH of the i>ri'i)iary ioul 
mumthtrif the r<(t!.o (f the 'tiunihee of iurni^ (f^rlre 'wpoii the tivo. 


381. Efficiency of the transformer. In a perftse.t transformer 
tilts t‘lVu*it‘nf.y would be unity, d'his mtsans that the electrical 
energy put into tlu*. [irimary, that is, tlus volts a[)plied to its 
terminals tinu‘S the amiusres (lowing thvt)iigh it, would be cx- 
ae.tly t*t(ual tt) the eiusrgy taken out in tlie secondary, that is, 
tlui volts gmuu’ated in it timt\s the strength of the induced 
cnrr(‘ut ; and, in fact, in actual transrormcrs the latter prod- 
uct* is ort.t*u more than ol‘ the former; that is, tliere is 

less than 3% loss of (‘mu-gy in the transl'grmatiou. "rhis lost 
energy appi‘.ars us lu'al. in tlu^ trausl'ormer. This transfer, 
which go(*s on in a big transformer, of Imge ({uautities of 
pv)Wt*r from one eire.uit to another (uitirely indepeudeut cir- 
cuit, without uoise or motion of any sort and almost without 
loss, is one of tlic most wonderful phenomena 
of modern industrial life. 




Fm, *TO. t?oTmn(*r« 
clal tuumfonni'r 




Fun (U'oHH Hcction 
(if tnumfornuu*, nhow- 
itiK HliapiJ of inaKiiotio 
{loUl 



Fid. SS4. Trann- 
fdnmsr case 


382. Commercial transformers. Fig. illuHtrateH a lumuuou tyi>c of 

traiiHfdriuor uaed in ukactriu lighting. core is built up of ahoet-irou 

lamluai about | millimatar thick. Fig. 333 ahowa a acetion of the same 

t 
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trauafornun’. 'riui (float'd idn’iiit til tlu* con* is indifutcd hy tin* 

arrows, d'he [>rinuu\y and tin*, two Hocoiidarios, wliirh oan inriiish oithor 
52 or 104: volts, an; iudicatiul l»y tin*, 
letters/;, and *SV dJM is tho 
case in which tin; transfornuT is 
placed. Such cases may lx; stx'u 
attached to poles outside; of house's 
whenwer alteuuiaiiiig enrnmis an; 
used for (‘le'ctric-liglitiug (Fig. Odo). 

383. Elc;ctrical transmission of 
power. Since tin; eh;ctrii'.al euu'rgy 
produced by a dynamo is espial te; tin; 
prodiuit of the F.M.F. ge*u<'raicel by 
tho current fnruislu'd, it is twideut 
that in ord(*r to transmit fnuu one* 
point to another a givem number of 
watts, say, 10,()()(), it is poHsihle to 
have either an K.jM.F. of 100 volts 
and a cummt of 1(10 ainponm, or an Trau«f..iiii.-r ..i, ..liM-tiU-. 

K.M.F. of 1000 volts and a current of p,,if» 

10 amp(3reH. In the; two caH(;H, how- 
ever, tho loss of eiu'rgy in the win; which euirrit's the* e’urrent frt»m tin* 
place where it is g(;nerat(Hl to the; place wh(*ri; it is usrd will be* wieh*ly 
diHerent. If repn;HentH the reHisUunu; of this tranmnitting wdri*, the «iv« 
called "line/' and (' the eummt flowing through it, we have in § U51 
that the heat deve;le>peHl in it will be proportiemal to Ih‘nt*e tlie 

energy wasUnl in heating the. line; will be* lutt | as much in (he euvne eif 
the high-voltage, 10-ampere current as in the; cast; eif the lower votUge, 
100-ampero curremt. Hence*, for lemg-distiunn* tnummiH^iidn, where* llm; 
loaaea are c.onaiderahle, it is important to use the* highest pimnibh* vnUagew. 

On account of tlie elifliendly of insulating the* comi|iuiat<er M<'gnH*nts 
from one another, voltages higher than 700 or HOO eiuuiot be* obuiined 
with diroct-curreut dyuamtm of the kind whh*h have been dtewtHbed. 
With alternators, howeiver, the eliiUcultit^H eif luHidatiou are very much 
lt;s8 on account of the; abse'nce of a commutateir. Tin* large UhOfHUdmmv 
power alternating-current dynamoH cm the (‘ariadian side at Niagara 
Falls generate directly 12,000 volts. This \n the* highi*st voltage thus 
far produced by generators. In all casi*s whtwt; these high pr<*Hsun*s an* 
employed they are transformed down at the receiving end of the line 
to a safe and convenient voltage (from 50 to 500 volts) by means of 
B(j©p-down transformers. 



INDUCTION COIL AND TEANSFORMEE 309 


It will be seen from the above facts that only alternating currents 
are suitable for loug-distauce transmission. Plants are now in operation 
which transmit p{.)Wor as far as 150 miles and use pressures as high as 
100, ()()() volts. In all such cases i^tep-up transformers, situated at the 
power housti, transfer the electrical energy developed by the generator 
to the line, and st(‘P'down transformers, situated at the receiving end, 
transfer it to the motors, or lamps, whi(di are to bo supx>lied. The gen- 
erators us(‘d on the American side of Niagara Falls produce a pressure 
of 2}i00 volts. For transmission to Buffalo, 20 miles away, this is trans- 
formed uj) to 22,000 volts. At Buffalo it is transformed down to the 
voltages snitahle for oxxu-ating the stret'.b cars, lights, and factories of 
tlie city. On tlu^ Canadian side the g(uiorators produce, currents at 
12,000 volts, as stated, and these are transformed nj), for long-distance 
transmission, to 22,000, 4-0,000, and 60,000 volts. 

384. The mercury-arc rectifier. The mercury-arc rectifier is a recently 
developed instrument for changing an alternating to a direct current. 
It consists of two graidiite anodes A 
and A' (Fig, 880), and a mercury 
cathode B in an exhausted bulb. It is 
found that a current will pass through 
such a bulb when the carbon is made 
the positives and tlu‘. mercury the nc‘ga- 
tive electrode*., but not in tlu^ reverse 
din'.ction. When, them, an altm-iiating 
F.M.F. is applhul at // and (x, the cur- 
rent jjasse^s through the. circuit first in 
the direction indicattul by the plain 
arrows, and them, as the F.M.F. res 
verses, in the^ direediein indicateul by 
the circlenl arrows. 1 1 will be seen that 
it always jiasse's in the same direction 
through the storages batteudes J which 
are to be chargeel. Wi‘.re it not for 
the large coils KF the transformer 
would be aliorircirculteui through PDQ 
and no curremt woulel How through 
thci path. MUD or NBI), But tlie 
sedf-inductions of E and F are so large that most of the current flowing 
from il/ to 7) or N to T) is forced over the path ATBD or NBD, The 
(‘xtra meeremry (d(‘.ctrode C and the resistance coil O are merely used for 
starting tlie rectifier. This is done by tilting it until the mercury in B and 



Fid. 880. The mercury-arc 
roctiflor 
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< ' makes contact, then righting and thus In-eaking this (Contact and 
fnrriiing a temporary arc. This puts the mercury vapor Into (jonditiou 
to caii.se the rectifier to function as described. 



Tig. 337. The simple teI(*pIion(} 


385. The simple telephone. The telephone was invonlod in 
1875 by Alexander Graham Bell, of Wasliington, and Elisha 
(iray, of Chicago. In its simplest form it consists, at each 
cikI, of a permanent bar mag- 
net A (Fig. 337) surrounded 
1)V a coil of fine wire J?, in 
.series with the line, and an 
iron disk or diaphragm ^ 
mounted close to one end of 
the magnet. Wlien a sound 
i.s made in front of the diapliragm, tlie vibi-ations i)i'o(]uc(‘d by 
tiie sounding body are transmitted by tbe air to tluMliaphragn’i, 
thus causing the latter to vibrate back and foiih in jVont of 
(he magiiet. These vibrations bf tlie diapbragm prodiuus sligld 
backward and forward movements of the lines of fore<! which 
pass into the disk from the magnet in tlic manner sliowii in 
Fig. 338. Some of these lines of force, therefore, cut acr.iss 
the coil £, first in one direction and then in tlie otlicr, and in 
so doing induce currents in it. These 
induced currents are transmitted by 
the line to the receiving station, where 
those in one direction pass around J?'in 
such a way as to increase the strength 
«-f the magnet A>, and thus increase 
the pull wpch it exerts upon E\ ivhile 
the opposite currents pass around B' 

LlsttuSiri.* wt" r*r 

one direction /I -&• When, therefore, E moves in 
other woKb, the W„eecl e„„e„t,, trirlrtu.:, 'h;";;"'' 



I'm. 388. Mafrnotio Ji„i,| 
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force A*' to reproduce the motions of liJ. thei^efore sends out 
sound waves exactly like those winch fell upon B, In exactly 
the same way a sound made in front of is reproduced at E, 
Telephones of this simple type will work satisfactorily for a 
distance of several miles. This simple form of instrument is 
still used at the receiving end of the 
modern telephone, the only innovation 
wMch has been introduced consisting 
in the substitution of a U-shaped mag- 
net for the bar magnet. The instru- 
ment used at the transmitting end lias, 
however, been changed, as explained in 
the next paragraph, and the circuit is now completed through 
a return wire instead of tlu’ough the earth. A modern tele- 
phone receiver is shown in Fig. 339. . G is the mouthpiece, 
E the diaphragm, A the U-shaped magnet, and B the coils, con- 
sisting of many turns of fine wire, and having soft iron cores, 

386. The modern transmitter. To increase the distance at which tele 
phoning may be done, it is necessary to increase the strength of the 
induced currents. This is done in the modern transmitter by replacing 
the magnet and coil by an arrangement which is essentially an induc- 
tion coil, the current in the primary of which is caused to vary by the 



Tig. 339. The modern 
receiver 


Meceiver Receiver 



motion of the diaphragm. This is accomplished as follows ; The cur- 
rent from the battery B (Fig. eSdO) is led first to the back of the 
diaphragm jE, whence it passes through a little chamber C, filled with 
granular carbon, to the conducting back d of the transmitter, and thence 
through the primary ;; of the induction coil, and back to the battery 


INDUCifiU CURKENTS 

A f ,Iiat.liragm vibrates it varies the pressure upou the many contact 
of X gLular carbon through which the primary current llowa. 
This produces considerable variation m the re- 
sistance of the primary circuit, so that as the 
diaphragm moves forward, that is, toward the 
carbon, a comparatively large current flows 
through p, and, as it moves back, a much 
smaller current. These changes in the current 
strength in the primary p produce changes in 
the magnetism of the soft-iron core of the in- 
duction coil. Currents are therefore induced 
in the secondary s of the induction coil, and 
these currents pass over the line and affect 
the receivBr at the other end in the mannex ex- 
plained in the preceding paragraph. The cross 

section of a complete long-distance transmitter is shown in Fig, .‘Ml. 

387. The subscriber’s telephone connections. In the moat recent i^ruc- 
tice of the Bell Telephone Company the local battery at the 8ub8crib(>ir*8 
end is done away with altogether and the primary current is furniahed 
by a 24-volt battery at the central station. Fig. 342 shows the 
elements of such a system. When the subscriber wishes to call up tu‘u 
tral, he has only to lift the receiver from the hook. This closes tlu^ Him 
circuit at t, and the direct current which at once begins to flow from tlie 



Fig. 841. Gross section of 
a long-distance tidephcuie 
transmitter 



Fig. 342. The modern telephone circuit (central-station system) 


battery B through the electromagnet g closes the circuit of li through 
the glow lamp I and the contact point r. This lights up tlie Uunp / 
which is upon the switchboard in front of the operator. Upou sooiiig 
this signal the latter inserts the answering plug P into tlie subscribora’ 
”jack”/ and connects her own receiver R' into the line by pressing 
the listening key k. The operation of inserting the plug P extinguishes 
the lamp I by disconnecting the contact points o. The battery B' is, 
however, now upon the line (B and B' are, in fact, one and tins sninu 
battery, shown here separate only for the sake of simplifying the 
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diagram). Aa, now, tlic subscriber talks into the transmitter T, the 
strength oi; th(‘ direct current from the battery B' through the pidinary ^ 
is varied by the varying pressure of the diaphragm E upon the granular 
(Uirbon Cj and tlu‘.sc variations induce in the secondary s the talking 
cu mints wliich pass over the line to the receiver R' of the operator. 

I Although with this arrang(nueut the primary and secondary currents 

jiass simultaiKiously ov(ir the sainti line, speech is found to be trans- 
mitted (|uit(‘. as distinctly us when the two circuits are entirely separate, 
as is the case with the arrangenumt of Eig. 840. When the ox:)erator 
duds what numb(‘r the Hubscrihor wisluis, she inserts the calling phigi^' 
into th(i prop(u* lim‘. and pnissc's the ringing key k'. This cuts out the 
(irst Huhseriluir, while tlie ringing is going on, by opening the contact 
] joints o' and tdosiug the ijoiuts o"* When the person called answers, 
the ringing k(‘y k' is rehuised, and the two subscribers are thus con- 
iKHJted and the magneto 71/, which actually runs all the time, is discon- 
iu‘cted from both lines. Also the operator releases her key k and thus 
cuts out her recuuver while the conversation is going on. When one of 
the subscribers " liangs up,” another lamp like I is lighted by a mechanism 
not shown hero and the o])m'atc)r then pulls out both plugs P and P'. 

I The bell b rings when an alkrnatin<f IM). is thrown xipon the line, 

! because, although the (urcuit is broken at an altcrnaiing current will 

I surge into and out of the eondc-nscu' C and thus pull the armature first 

toward m and then toward n. The bell could, of course, not be rung by 
a direct current. 

QUESTIONS AND PROBLEMS 

1. I) 0 (‘S th(^ spark of an induction coil occur at make or at break? 

' Why? 

' 2. Explain why an induction coil is able to produce such an enormous 

I IC.M.F. Draw a diagram to illustrate the method of operation of the coil. 

' 3. Why could nob an armature*, core he made of coaxial cylinders of 

iron running tlu^ full length of tlie armaturcj, instead of hat disks, as 
shown in Fig. 8‘il) V 

I 4, Wliat r(‘latiou must <ixiHb l>('.twe(m tlie number of turns on the 

primary and Hccondary of a tvaiisfarmer which feeds 110-volt lamps 
from a main line whose conductors are at 1000 volts F.D.? 

6. Tlie same amount of powt‘.r is to bo transmitted over two lines 
from a ]iower plant to a distant city. Tf the heat losses in the two lines 
are to )»•. tlu*. same, what must l>e the ratio of the cross sections of the 
two linf‘H if one cnrr(‘nt is transmitted at 100 volts and the other at 
‘ ' 10,000 volts? 
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NATURE AND TRANSMISSION OF SOUND 
SpKKU AN1> NaTPUK i>F Scn*N!> 


388. Sources of sound. If u .stminliuir furk [irovitUnl 

with aslyhis is slroki'tl ju'rtiss a siudluHl-i^hiNs plati*. ii priulutam 
a wavy lims as slunvii in li Ol; if a stisjuauhal hall 

is brought inio <^oatat't with i(. (lu* liitlta* is {lirnwu <j(T with 
(•<niHid(;rahh‘ viohaH*<\ If wa huik almiu fnr thr st>urri' of any 
sudden noisis wi* iind that suino nlo 
jeet has falltai, nr soiiu* collision luis 
oecurnah (jrscnni' (‘X|iluHinn has taken 
phu*.o ; in a word, that sonu* violent 
motion of tiuiKer has been set up in some unv. h'rom ttassc’ 
familiar fuels wt* eonelude that Hi^ntnd ttrhtH fr>*in fh*' 

(if* VKtIfrr* 




Kti.. a ta, aanre nuult^ l»v 
vibouiuit t»'>k 


389. Media of transmission. Air is ordimuily the medium 
through which stjuml comes to our ears, yet the Imiians put 
tluur ears t-o tlu^ ground to hiair a distant noi.sts and most luiys 
know how loud tho ehipping of stones sounds under water. 
If the hast*, of tlu* Siauuling fork of Kig. H tU is held in a dish 
of wattu’, th(i sound will Int markedly Iransiuitted by tin* water. 
'rii(us(^ fae.ts show that a gas like air is etuiainly no mmv 
(dToe.tiv(^ in tlic^ tratismission of sound than a Ihputl tn* a 
.solid. Ia*t us ru'Xt .s(Mt whether f>r not matter in uvn^mtiry 
at all for tho trmmmiKHiou of sound, 


Thi.H chapter Hluiutl lMUMvnmpju»s««l tv lHtu»rini»i v r 
of Houncl in fiir, tho vihmtinn nito nf a fnrk, lunl fUo lUarraiUmUMn *«f wiiv«^ IsuiCllw. 
Sn«, for oxnrnplts KxporiniontH .'IS, mt luni to tg ttMUsa's’ mitnuat 
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Let ail eleotric bell be aiispended inside the receiver of an air 
by miMins of two hue springs which pass through a rublier stopper in 
the luanner aliowii in Fig. B44. Let tlie air be exhausted from the 
receiver by means of the pump. The sound of the 
bcdl will be found to become less and less pro- 
nounc(‘d. Le.l; the air be suddenly readmitted. The 
volume of sound will at once increase. 



Jfio. 844. Sound nol; 
transmitted through 
a vacuum 


Since the nearer we approach a vacuum, 
the less distinct becomes the sound, we infer 
that sound cAuniot he transferred through 
a vaeuuiu and that therefore the trarismu- 
Hio'n of Hfnmd h elJeoled onh/ through the 
agenotf of ordinary matter. In this respeet 
sound differs from heat and light, which 
evidently pass with perfect readiness through a vaedinni, 
siiK’.e they reae.h the eartli from the sun and stars. 

390. Speed of transmission. Tlie first attempt to- measure 
aceurately the Sfieed of sound was made in 1738, when a com- 
mission of the French Academy of Sedenees stationed two 
parties about tlinio miles ajiarl. and observcnl the interval 
hetwetm the (lash of a (‘.annon and the sound of the report. 
By taking oliservations l)(d.W(u*,n the (.wo stations, first in one 
dinudhm and then in tlu^. oth(‘.r, tlie (v(T(*,ot of the wind was 
(‘diiuinaUuh A scuumd eominissiou rt‘peated. the.se ('.xperiirieiits 
in 1832, using a distane.e of 18,6 kilometers, or a little more 
than 11. n mi](‘s. Tlie value found was 381,2 meters per sec- 
ond at 0^(1. a.c.(*.ept(‘.d value is now 331.3 me(.ers. ^llic 

sp<*.ed in waUu' is about 1400 nuitcu’s per second and in iron 
.5100 met,ers. 

The speed of sound in air is Ihund to iuerease witli an in- 
(jreiiHo in temjKU’al.ure. T1 h‘. amount of this increase is about 
60 centimeters per d(‘gn‘.e (umtigrade. llenco tbo speed at 
20° (I is about 343.3 meters per second. Tin) above figures 
are equivalent t.o 1087 feet pnrsee.ond at 0°(h, or 112(5 feet 
per Hee.ond at 20° (h ' 
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391. Mechanism of transmission. \\Uu*u a (in'crackcr or toy 
cap explodes, the powdm* is suddt'uly cliiuiixetl (tj a tran the 
volume of wliicli is euonnously li^reaier than the voluuu^ of 
the powder. The air is tluu'ufore. siiddisily pusli<*d hai^k in all 
dimdioas from the center of the explosion, 'rius means that 
the air particles wliieh He ahoiil. this cenlm' are viohmt 

outward vedoeities.'*^ When tlu^se. outwardly iin[a‘llt‘d air parti- 
cles collide with otluu* partic.les, they giv<^ up their outward 
motion to thcs(5 second partic.h‘s, and tlu'se in turn pass it on 
to others, cti^ It is clear, thereforts that tlu^ mcjtioii started hy 
the explosion must travel on from [uirticdi' to partiele [o uu 
indefinite distance from tlu^ centtu' of llu» t*xplosiou. Kurtlu’r- 
moro, it is also clear that, althou|^h tlu* motitm travels on to 
great distances, the individual partieh'S do not movt* far from 
their original positions ; for it is taisy 
to sliow experimentally tliat whiuiever 
an clastic body in motion collidi?s with 
another Huuilar body at rest, Iht^ eollid- 
iug body simply traushu’s its motion lo 
the body at restand eom(\s itself tt) rest. 

Let aix t)r ('tpuil stcol halla be huiiijr 
from corda in ilu^ manu(‘r shown in .1-15. 

First, let all of the halls hut two arljiUMmt 
ones bn htdd to ont^ side*, and hd. one of Uu‘He Iwo 1 h* raised and allowed 
to fall against the other. U'ho llrst hall will he fotunl to lom^ Us int>Uo« 
in the collision, and tln^ second will he fiuunl to rise to |«raetieullv tin' 
sanio luiiglit as that from whicli the first fell, Kestt, let all of the balls be 
placed in linn anti the tmd otm raised and allowt'tl to full an before, 'rUe 
motion will bn transmitted from ball to balk i'fw'h giving tiji the whole 
of its motion practically as sfjon us it receives It, and the last ball will 
move on alone with the- vnlotdty which the first bull originally had. 

’•^Thflso outward velocities are simply suiH»rpo«ed uism tlie velmdiles ef 
tion which the molecules already have tin accomu of their tem|M*ratnre. For our 
present purpose we may iKiuire entirely the t'scislence t»f iheiie iatler veUsdlles and 
treat the parthdes im though they were at rest, i«ive for the volmdUoM Imparteil 
by the explosion. « 



Flo, «Mo, nittMfiiiiiing the 
propagation ofj«»nnd from 
particle to particle 
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The preeediiii^ experiiueiit furiiislies a very iiiee inechaiiical 
illustration ol the inauner in which the air particles which 
receive motions from an exploding* firecracker or a vibrating 
tuning fork transmit these motions in all directions to neigh- 
boring layers of air, these in turn to the next adjoining layers, 
etc., until the motion lias traveled to very great distances, 
although the individual particles themselves move only very 
minute distaiu'cs. When a motion of this sort, transmitted 
by air partieJes, niaches tlu^ drum of the ear, it produces the 
sensation whicti wc (uill sound. 


392. A train of waves ; wave length. In the preceding para- 
graplis we have conlined attention to a single pulse traveling 
out from a center of explosion. Lot us next consider the sort 
of disturbance which is set up in the air by a eontinuously 
vibrating body, like the prong of Fig. 346. Faeh time that 
this prong moves to the right 

it sends out a pulse which \ / | | [ | 

travels through the air at \i sz — v; — 

tl» mto „( 1100 f«t ix.r f}| 

seciond, in exactly the maii- 

T -1 1 • 1 Pkj. 340. Vibrathii; rood Hcmdiiig out a 

lu-.r (loHc,nl)C.(l lu tlu>, pr(H!C(l- i-uIs.-h 

ing paragraphs, lleiuie, if 

ilm prong is vibrating uniformly, we shall have a continuous 
sucuicHsion of pulses following cai'.h oilier through the air at 
(ixaetly (ujual inUu*vals. Suppose, for example, that the prong 
makes 110 complett*, vibrations per second. 'Then at the end 
of one second the first pulse sent out will have reached 
a distance of 1100 feet. Ikitwoen this point and the prong 
there will be 110 pulses distributed at etpial iuiervals; that 
is, each two adjacent pulses will he just 10 feet apart. If 
the prong made 220 vibrations per second, the distance be- 
tween adjacent pulses would be 5 feet, etc. Tbc di8ta7ice 
hetiveen two adjacent •pulses in such a train of waves is called a 
wave length. 
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393 . Relation between velocity, wave length, and number 
of vibrations per second. If n represents the number of vibra- 
tions per second of a source of sound, I the wave length, and v 
the velocity with which the sound travels through the medium, 
it is evident from the example of the preceding paragraph that 
the following relation exists between these three quantities : 

I = ^f/n, or v — nl; (1) 

that is, wave length is equal to velocity divided hy the number of 
vibrations per second, or velocity is equal to the number of vibra- 
tions per second times the wave length 

394 . Condensations and rarefactions. Thus far, for the sake 
of simplicity, we have considered a train of waves as a series 
of thin, detached pulses separated by equal intervals of air at 
rest. In point of fact, however, tlie air in front of the prong 
B (Fig. 846) is being pushed forward not at one particular 



Fig. 847. Illustrating motions of air particles in one complete sound wave 
consisting of a condensation and a rarefaction 


instant only, but during all the time that the prong is moving 
from A to C, that is, through the time of one half vibration of 
the fork ; and during all this time this forward motion is being 
transmitted to layers of air which are farther and farther away 
from the prong, so that when the latter reaches C, all the air 
between C and some point c (Fig. 347) one-half wave length 
away is crowding forward, and is therefore in a state of com- 
pression or condensation. Again, as the prong moves back from 
G to A, since it tends to leave a vacuum behind it, the adja- 
cent layer of air rushes in to fill up this space, the layer next 
adjoining follows, etc., so that when the prong reaches A, all 
the air between A and c (Fig. 347) is moving backward and 
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is therefore iu a state of diminished density or rarefaction. 
During this time the preceding forward motion has advanced 
one-half wave length to the right, so that it now occupies the 
region between e and a (Fig. 347). Hence at the end of one 
complete vibration of the prong we may divide the air between 
it and a point one wave 
length away into two 
portions, one a region 
of condensation ac^ and 
tlie other a region of 
rarefaction cA. The ar- ^ ^ cdefgh ij 

I’ows in Fig 347 rep- R^^stration of sound waves 

resent the direction and relative magnitudes of the motions 
of the air particles in various portions of a complete wave. 

At the end of n vibrations the first disturbance will have 
reached a distance n wave lengths from the fork, and each wave 
between this point and the fork will consist of a condensation 
and a rarefaction, so that sound waves may be said to consist 
of a series of condensations and rarefactions following one 
another through the air in the manner shown in Pig. 348. 

Wave length may now be more accurately defined as the 
distance between two Buccessive points of maximwm condensation 
(h and/. Fig. 348) or ofmaodmum rarefaction (^d and ]i). 

395. Water-wave analogy. Condensations and rarefactions 
of sound waves are exactly analogous to the familiar crests and 
troughs of water waves. 

Thus the wave length of 
such a series of waves as 
that shown in Fig. 349 ^49. illustrating wave length of 

in 1 j.T_ 1 • water waves 

IS defined as the distance 

hf between two crests, or the distance dh., or ae, or cc/, or nm^ 
between any two points which are in the same condition ov phase 
of disturbance. The crests, that is, the shaded portions, which 
are above the natural Iqvel of the water, correspond exactly 
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to the condensations of sound waves, that is, to the portiojis of 
air which are above the natural density. The troughs, that is, 
the dotted portions, correspond to the rarefactions of sound 
waves, that is, to the portions of air which are below the nat- 
ural density. Nevertheless, the analogy breaks down at one 
point ; for in water waves the motion of the particles is trans- 
verse to the direction of propagation, while m sound waves, as 
shown in § 394, the particles move back and forth in the line 
. of propagation of the wave. Water loaves are therefore called 
transverse waves^ while sound waves in air are longitudinal tvaves, 

396. Distinction between musical sounds and noises. Lot 

a current of air from a ^inch nozzle be directed against a row of 
forty-eight equidistant |-inch holes in a metal 
or cardboard disk, mounted as in Fig. 350 and 
set into rotation either by hand or by an elec- 
tric motor. A very distinct musical tone will 
be produced. Then let the jet of air be directed 
against a second row of forty-eight holes, which 
differs from the first only in that the holes are 
irregularly instead of regularly spaced about 
the circumference of the disk. The musical 
character of the tone will altogether disappear. 

The experiment furnishes a very 
striking illustration of the difference be- 
tween a musical sound and a noise. 

Ordy those sounds possess a musical qual- 
ity which come from sources capable of condition for 

smding out pulses, or waves, at absolutely ^ tone 

regular intervals. Therefore it is only sounds possessing a 
musical quality which may be said to have wave lengths. 

397. Pitch. While the apparatus of the preceding experiment, is 
rotating at constant speed, let a current of air be directed first against 
the outside row of regularly spaced holes and then suddenly turned 
against the inside row, which is also regularly spaced but which contains 
a smaller number of holes. The note produced in the swpnd case will 



Fig-, 860. Kognlarity of 
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1)6 fouutl to have a markedly lower pitch than the other one. Again, 
let the jet of air be directed again.st one ])articiilar row, and let the speed 
of rotation b('. changed from very slow to very fast. The note produced 
will gradually rise in pitch. 

We coiudiidc, therefore, that the pitch of a omcsical note de- 
'peiuh simpltf icpon the nmnhey of pidiica loldch Htrike the ear per 
IE the sound conics from a vibrating body, the pitch of 
the note dtpeiuh npon the Q^ate of vihratiooi of the body. 

398. Doppler’s principle. When a rapidly moving express train 
rushew ])ast an obs(U’V(*r, he notices a very distinct (diange in the pitch 
of the h(‘ll as the engiiu'. jjasscs him, tlie })itcli being higher as the engine 
aiiproaclu'H than as it recedes. Tlu*. explanation is as follows : The bell, 
of course, sends out pulses at exactly ccpial intervals of time. As the 
brain is approaching, h()wt‘.vc‘.r, the pulses reach the ('.ar at shorter inter- 
vals than the intervals betwe.en emissions, since th(>! train comes toward 
the observer between two successive emissions. Rut as the train recedes, 
the interval ])(^twe(‘.n the receipt of pulses by the ear is longer than the 
interval between emissions, since', tlu'. train is moving away from the ear 
during the interval betwiieu (‘missions. Hence, tlui pitch of the hell ia 
higher during the approach of the train than during its recession. This 
plumomenon of the change in pitch of a note procc'.eding from an aj)- 
proacliing or riMieding body is known as Doppler'i^ principle, 

399. Loudness, Tho loiiduosH or iutonsity of a sound do- 
peudH upon tlui rate at wliioli energy is counnuuieated by it 
to the i.yinpauum of the oar. LoiidnenH is therefore deterynined 
Uy the (iulance of the source and the amplitude of its vibration, 

I f a giv(ni Houud pulse is frcio to spread equally in all direc- 
tions, at a distances of 100 feet from tlio source the same energy 
must bo distributed oven* a si)here of four times as largo an 
area as at a dlstanee of 50 ftiot. lleiHUi under tbesc ideal cou- 
ditions tJie intensity of a sound varies inversely as the Sfpiare 
of the distance from the source. Hut when Houiid is eonlined 
witliiii a tube so that the energy is cu)iibiiiually communicated 
from one layer to another of equal area, it will travel to great 
disttmees with little loss of inteuBity. This explains the effi- 
ciency of speaking tubes and megaphones. 
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QUESTIONS AND PROBLEMS 

1. A thunderclap was lieavd H sec. after the accompanying- light- 

ning flash was seen. How far away did the flash • , . , • , 

2. A bullet fired from a rifle with a speed of 1-00 ft. per second is 
heard to strike the target 6 sec. afterwards. Wliat is the distance to 
the target, the temperature of the air being 20° C. ? 

3. A church bell is ringing at a distance of i mi. from one man 
and i mi. from another. How much louder would it appear to the 
second man than to the first, if no reflections of the sound took place / 

4. Explain the principle of the ear trumpet. 

5. The vibration rate of a fork is 25(). Find the wave lengdli of tlu* 
note given out by it at 20° C. 

6. A stone is droi^ped into a well 200 ni. deep. At 20° 0. how .much 
time will elapse before the sound of tiie splash is heard at the to]> ? 

7. As a circular saw cuts into a block of wood the pitch of tlui note 
given out falls rapidly. Why ? 

8. Since* the music of an orchestra reaches a distant hearer without 
confusion of the parts, what may be inferred as to the relative veloeitieH 
of the notes of di:fferent pitch ? 


Reflection, Reenforcemen'i\ and Interfehence 

400. Echo. That a sound wave in hitting a wall suttevs 
reflection is shown by the familiar phenomenon of echo. 'I he 
roll of thunder is due to successive reflections of the original 
sound from clouds and other surfaces which are at different 
distances from the observer. 

In ordinary rooms the walls are so close that the reflected 
waves return before the effect of the original sound on the 
ear has died out. Consequently the echo blends with and 
strengthens the original sound instead of interfering with it. 
This is why, in general, a speaker may be heard so much 
better indoors than in the open air. Since the ear cminot 
appreciate successive sounds as distinct if they come at inter- 
vals shorter than a tenth of a second, it will be seen from the 
fact that sounds travels about 113 feet in a tenth of a second 
that a wall which is nearer than about 50 feet cannot possibly 
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produce a perceptible echo. In rooms whicli are large enough 
to give rise to troublesome echoes it is customary to hang 
draperies of some sort, so as to break up the sound waves 
and pi’ovent regular nvlU^etion. 

401. Sound foci. Loi. a watcli bi*. liuug at. tlu» fo(uis of a large coii- 
(•.av(‘, iniiTor. On aooouiit of tln^ rofUu'.biou from tln^ .snri'aco of flic mirror 
a fairly wtdl-dcvUmid bi*ain of soinnl will 
hi^. thrown out in front of tlui mirror, 

HO that if botli watch and mirror an*, 
hung on a .single, support and th(‘ wlu»h‘, 
tnrutid in diftormit dircevtions toward a 
number of obKo.rv<u\s, tlu^ ticlviug will 
be distinc-tly hoard hy thoH(‘. dirtujtly in front of the mirror, but not by 
tho.se at oiu'. sidiu If a Ho.eond mirror is ludd in tin*, path of this beam, 
as in Fig. dol, the sound may bt* again brought to a focus, .so that if the 
t*ar is plae.{»d in. the focus of tills second mirror, or bottcu’ still, if a .small 
i'uniud which is connected with the. (uir hy a rubbiu' tube is held in this 
focus, th(‘. ticking of the watcli may sonudimes hc' heard hundreds of feci 
away. A whis|)(n‘ing gallery is a roimi so arranged 
as to contain such sound foci. Any two oppositi* 
junnts a few ftiet From the. walls of a dome., lilu* 
that of St. Pider’s at Rome or St. FauTs at Loudon, 
are sullicieutly near to siiidi sound foci to malc(* 
very low whispiirs cm oiu^ side di.stiuctly audibh' 
at the other, although at iut(*rmodiato ])oiut.s no 
sound can he heard, 

402. Resonance. RcHouauec is tlie relin- 

foro&mmt or of sound bocauso 

of tbo uuioii of ilireH aud refieeted waves. 

ddniH let one prong of a vibrating tuning fork, 
which makes, for t*xam]>l<s 512 vibrations pm* 

Hcccmd, be held over tlie mouth of a tube an inch Tllustratlng 

or HO in diameter, arranged as in Fig. 552, so that rt^soiuuiee 

as the vesael d is raised or lowered, the height of 

the water in the tube maybe adju.sted at will. It will be found that as 
the position of tho water is slowly lowered from the top of the tube a 
very marked reenforoement of the sound will occur at a certain point 
t 
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Let other forks of different pitch be tried in the same way. It will 
be found that the lower the pitch of the fork, the lower must be the 
water in the tube in order to get the best reenforcement. This means 
that the longer the wave length of the note which the fork j)roduces, 
the longer must be the air column in order to obtain resonance. 


. W e conclude, therefore, that a fixed relation exists heUveen 
the wave length of a note and the length of the air column which 
ivill reenforce it 

403. Best resonant length of a closed pipe is one-fourth wave 
length. If we calculate the wave length of tlie note of tlie 
fork by dividing the speed of sound by tlae vibration rate of 
the fork, we shall find that, in every case, the 
length of air column which gives the best response 
is approximately onefourth wave length The 
reason for this is evident when we consider 
that the length must be such as to enable the 
■ reflected wave to return to the mouth just in 
time to unite with the dnect wave which is at 
that instant being sent off by the prong. Thus 
when the prong is first starthig down from the 
position A (see Fig. 353), it starts the begin- 
ning of a condensation down the tube. If this 
motion is to return to the mouth just in time 
to unite with the direct wave sent off by the 
prong, it must get back at the instant that the 
prong is first starting up from the position C, In 
other words, the pulse must go down the tube and baok again 
while the prong is making a half vibration. This means that 
the path down and back must be a half wave length, and honco 
that the length of the tube must be a fourth of a wave Icngtli. 

From the^ above analysis it will appear that there should 
also be resonance if the reflected wave does not return to the 
mouth until the fork is startmg back its second time from' 0, 
that IS, at the end of one and a half vibrations insteatl of a 


Tia. 353. lloHo- 
nant leiiglh of a 
closed i>ipo in ^ 
wave lungtli 
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half vibration. The distance from the fork to the water and 
back would then be one and a half wave lengths; that is, the 
wabn* surfac-o would be a half wave length farther down the 
tube than, at lirst. Idie tube Icngtli would therefore now be 
tlux'.o fourtlis ol: a wave length. 


L(‘ti l.lu'. (‘.x|K‘riuunLt 1)0 tru'd. A similar rosponso will indeed bo. 
found, as pn'diob'd, a ball: wav(^ bmgth fartlier down the tube. I’lii.s 
r(’HpoiiH(‘, will bo Honu'.wliat w(‘akor tlian l)(^for(3, as the wave has lost 
S0UU3 of its ('uor|j;\y in travoliuji^ a lonj^ distance', thrcnigli the tube. Jt 
may h('. shown in a similar way that tlu'.rc will bo, resonanco wliere the 
lruh(\ length is jJ, or lnd(*{‘d any odd iiumbor of cpiartor wave lengths. 

404. Best resonant length of an open pipe is one-half wave 
length. li(‘t t]u3 same, tuning fork which was us(*d in g 4011 be held in 
front of an op(m pi]){3 (8 or 10 inches 
long) th(‘. huigtli of whhdi is inad(3 ad- 
just.ahlc by slipjnng back and forlih over 



if. a tightly fitting roll of writing paper 
(Fig. 854). It will found that for oiu'. 
particular kngth this o[)eu ])ipo will n*,- 


Fio , 854. Uesonant length of an 
open x)ipe is ^ wave length 


Hpond (piitc as loudly as did the closed pipe, but ilia roajwndmij lancjlh 


will he found to he j nut twice as (/rent as In fore. Other resonant lengths 


can be found when th(3 tubi', is made 2, 8, (vto., times as long. 


Wo huiru, tlu'u, tluit the slurrtest o'tmnant ImigtJi of an open 
glge is oHvfialf tvave length., and that there is owso7iane.e at any 
vntlllple of a half •lea.ve length. 

hied. Unit tlu3 HhorUvsi. rosouant Ituigtli o[ tho opou pipe 
is just twic.ii that of tho oloscul one is tho exporimoutal proof 
that a comhuiHat-iou, upon rciic.hing the open end of a pipe, is 
r(dl(Hd.ed an a rarofac.tion. This nunins tliat when, tho lower 


end of th(3 tube of Fig. 353 is open, a conde.usatiou upon 
rcac-bing it suddcuily expauds. lit couHoqiienec of this expan- 
Hion the new pulse winch Ix'gins at this instant to travel back 
tlirougb the tube is one in wliic.h the particles arc moving 
down insttuul of up ; that is, the particles are moving in a 
direcstion opposiUi to that in wbick the wave is traveding. 
This is always the (mBO in a rarefaction (seo Fig. 347). In 
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order then to unite with the motion of the prong tliis down- 
ward motion of the particles must get back to the mouth 
when the prong is just starting down from A the second time. ; 
that is, qfte?^ one complete vibration of the proncj. This shows 
why the pipe length is one-half Avave length. 

405. Resonators. If the vibrating fork at the mouth of the 
tubes in the preceding experiments is replaced by a train of 
waves coming from a distant source, precisely the same analysis 
leads to the conclusion that the Avaves reflected from the bottom 
of the tube will reenforce the oncoming waves Avheii the length 
of the tube is any odd number of quarter Avave lengths in the 
ease of a closed pipe, or any number of half wave lengths in the 
case of an open pipe. It is clear, therefore, that every air cliain- 
ber will act as a resonator for trains of waves of a certam wave 
length. This is why a conch shell held to the ear is always 
lieard to hum with a particular note. Feeble waves which pro- 
duce no impression upon the unaided ear gain sufficient strength 
Avhen reenforced by the shell to become audible. When the air 
chamber is of irregular form it is not usually possil)le to cahui- 
late to just what wave length it will respond, but it is always 
easy to determine experimentally what particular Avave lengtli 
it is capable of reenforcing. The resonators on. which tuning 
forks are mounted are air chambers which are of just tlie right 
dimensions to respond to the note given out by the fork. 

406. Forced vibrations ; sounding boards. Loi a tuning fork 
be struck and held in the hand. The sound will be entirely inaudible 
except to those quite near. Let the base of the sounding fork bo pressed 
hrmly against the table. The sound will be found to ])o (uiormously 
intensified. Let another fork be held against the same ta])le. Its Hound 
will also be reinforced. In this case, then, the table intensifies the Hound 
of any fork which is placed against it, while an air coluirm of a certain 
size could intensify only a single note. 

The cause of the response in the two cases is wholly differ- 
ent. In the last case the vibrations of the fork are transmitted 
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through its base to the table top and force tl\e latter to vibrate 
in its own period, ddie vibrating table top, on aceoiutt of its 
large surface, scds a (u)iu[)aratively largo mass of air into motion 
and then‘fore smids a wav(‘- of grt‘at intensity to the ear ; while 
the fork alone, with its narrow prongs, was not able to impart 
miuth energy to tlu^ air. Vibrations like those of the table top 
are (*-alled./hrr7vnKU‘ause tlit‘y (*an ))t‘. [)roduced with any fork, 
no mattc'.r wluit ii.s ptu’iod. Sounding boards in pianos and 
other string(*.d instrunu'.nts ac,t [)r('.c.isely as does the table top 
in this eKp(U‘inu‘.nt ; that is, t.ht‘y aiv. s(5t into forcted vibrations 
by any note of tla‘. instninuuit and i*(‘enf()r(5e it accordingly. 

407. Beats, Siiu^e two souml waves are able to unite so as 
to rttinforce each other, it ought also to be possible to make 
them unite so as to iuttu‘fi‘.r{^ with or destroy eatjh other. In 
otlier words, umhu* thc^ ^‘^^i^tlitions t/ui union of two 

aounda om/ht to produrr .vlrnoo. 


IjcU. two mounlc'd tunhi^^ lorkH of tlic‘ Haiiu^ pitcli h(‘ so.t sidt*. by Hicb^ 
as hi Fig. SOf). Lcl tlu* two forks Is*, sl.riiok in (luiok siuuuission with a 
soft mall(*t, for (^xauiplc, a ruhlsM' sto|>|i<‘r on tin*, end of a uhI, 'PIk*. two 
iioh^Hwill l)l(*nd and prodiUM* a smooth, even tom*, 'riion lot a pi(H.Hj of wax 
ov a Huiall (*,oiu bo stiadt to a prong 
of ouo of tin*, forks. 'I'lils dimin- 
islms slightly th<‘ mimlu'r of vibra- 
tions whic.h thi.s fork inak(‘s ])or 
soinmd, siuoo it inoroaH(‘K its mass. 

Again, lot th(^ two forks be* smindod 
togo.tho.r, riio fonnor smooth tom‘ 




Fio. ^155. Arnpigomont of forks 
for boats 


will b(‘ r(‘.placod by a throbbing or jmlsating ono. 'riiis is duo to tlio 
altoruato dt‘struetiou and n'chiforoonumt of tho houikIh produciHl by 
tin*, two forks, 'riiis inilsatiou is calh'd tho phouomonou of Am/.s*. 


The meehauism of Uu', alteniaU^ destrnetion and reeiiforee- 
ment may bo undc^rstond from the following. Snpi)os(5 that one 
fork makes 251) vibrations pm* secoinl (see the doited lineyif/ 
in Fig. 350), while tlie otluu* nuik(‘.s 255 (see the heavy liiu*. 
AO), If at the beginning of a given second the two forks 
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are swinging together* so that they simultaneously send out 

condensations to the observer, these condensations will of 

course unite so as to produce a double effect upon the ear 

(see Fig. 356). Since now one fork gains one complete 

vibration per second over the other, at the end of the second 

considered the two forks ^ ^ 

wUl again be_ vibratmg 

together, that is, sending ^ ^ 

out condensations which f\ /\ f\ P\ 

add their effects as before \J \J \J \j 

(see O'). In 'the middle of ^ r. v i -n , t-, 

\ . T 1 Fig. 366. Graphical illustration of heats 

this second, however, tlie 

two forks are vibrating in opposite directions (see 7?) ; that 
is, one is sending out rarefactions while the other sends out 
condensations. At the ear of the observer the union of the 
rarefaction (backward motion of the air particles) produced 
by one fork with the condensation (forward motion) pro- 
duced by the other results in no motion at all, provided the 
two motions have the same energy; that is, m the middle of 
the second the two sounds have united to produce silence (see ii^). 
It will be seen from the above that the numher of heuts per second 
is equal to the difference in the vihration numbers of the two forks. 

To test this conclusion, let more wax or a heavier coin be added to 


the weighted prong ; the number of beats per second will be increased. 
Diminishing the weight will reduce the number of beats per second. 

408. Interference of sound waves, by reflection. Let a thin 
cork about an inch in diameter.be attached to one end of a brass or 



Fig. 357. Interference of advancing and retreating trains of sound waves 


glass rod from one to two meters long. Let this rod be clamped firmly 
in the middle, as in Fig. 357. Let a piece of glass tubing a meter or 
more long and from an inch to an inch and a half in diameter be slipped 
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over the cork, as shown. Let the end of the rod be stroked longitudi- 
nally with a well-resinod cloth. (A wet cloth will answer better if the 
rod is of glass.) A loud shrill note will be produced. 

'■.riiis note is due to the fact that the slipping of the resined cloth over 
the s\irfaceof tlie rod sets the latter into longitudinal vibrations, so that its 
e.iuls iu\pavt. alUn*nate condensations and rarefactions to .the layers of air 
in contact with tluun. As soon as tins note is started the cork dust insido 
the tube will Ixi stnui to be iiit(oisely agitated. If the effect is not marked 
at first, a slight sU|)])iiig of the glass tiibo forward or hack Will bring it out. 
ll])()u exaiuiuatiou it will be se(ui that the agitation of the cork dust is not 
uniform, hut at regular intervals throughout the tube there will be regions 
of eompleti'. rest, n.,, 7/3, etc., separabidby regions of intense motion. 


Tlio points of rest correspond to the positions in which the 
rodected train of soxiiid waves returning from tlie end of the 
tube neutralizes the effect of the advancing train passing down 
the tube from file vibrating rod. The points of rest are called 


nodes, the intermediate 
portions loops or anti- 
nodes. The distance be- 
tween these nodes is one 
half wave huigth, for at 



% ^ 

Fig, 8C8. Distance between nodes is one half 
wave length 


ih(^ instant that tlui lirst wav(‘. front (Tig* 358) reaches the 


(•nd of ilu‘. tnho it is redetdxul and starts back toward Jd,. Since 


at this instant; tlui siuioiid wave front is just one wave length 
to t.lu'. hd’t of the two wave fronts must mt‘.et each other at 
a point just ont^-half wave length from the end of the tube. 
The exu(d;ly (Hjiial and op[>()site motions of the particles in the 
two wave fronts (‘.xat'.tly neutralize cacli other. Hence the point 


is a point of no motion, that is, a node. Again, at the in- 
stant that the rodecbul wave front met the advancing wave 


front at the third wave front was just one wave length 
to the left of Hence, as the first wave front continues 
to travel bac^k toward E it meets at just one half wave 
IcuigtU from and produces there a second node. vSimilarly, 
a tlurd node is produced at Wg, one half wave length to the 
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left of n„, etc. Thus the distance between two nodes must always 
he just me half the wave length of the waves in the train. 

In the preceding discussion it has been tacitly assumed that the two 
oppositely moving waves are able to pass through eac o 
either of them being modified by the presence of the other. That two 
opposite motions are, in fact, transferred in just this manner through a 
medium consisting of elastic particles may be beautifully^hown by the 
following experiment with the row of balls used in § 391. 

Let the ball at one end of the row be raised a distance of, say, 2 inches 
and the ball at the other end raised a distance of 4 inches. Then let 
both balls be dropped simultaneously against the row. The two opposite 
motions will pass through each other in the row altogether without 
modification, the larger motion appearing at the end opposite to that at 
which, it started, and the smaller likewise. 

Another and more complete analogy to the condition existing within 
the tube of Fig. 357 maybe had by simply vibrating one end of a two- or 
three-meter rope, as in 



Fig. 360. Nodes and loops in a cord 

Blank line denotes advancing train ; dotted line, 
reflected train 


Fig. 359. The trains of 
advancing and reflected 
waves which continu- 
ously travel through each 
other up and dowm the 
rope will unite so as to form a series of nodes and loojjs. I’he nodes at 
c and e are the points at which the advancing and reflected waves arc*, 
always urging the cord equally in opposite directions. The distance, 
between them is one half the wave length of tlie train sent down tlic 
rope by the hand. 

QUESTIONS AND PROBLEMS 


1. Why do the echoes which are prominent in empty halls often 
disappear when the hall is full of people ? 

2 . A gunner hears an echo 5 J sec. after he fires. How far away was 
the reflecting surface, the temperature of the air being 20° C. V 

3 . Find the number of vibrations per second of a fork which, at 20° ( h, 
produces resonance in a pipe 1 ft. long closed at one end. 

4 . A fork making 500 vibrations per second is found to producer 
resonance in an air column like that shown in Fig. 352, finst when the 
water is a certain distance from the top, and again when it is 34 cm. 
lower. Find the velocity of sound. 

5 . Show why an open pipe needs to be twice as long as a closed pipe 
if it is to respond to the same note. 


CHAPTER XVII 

PROPERTIES OF MUSICAL SOUNDS 

Musical Scales 

409. Physical basis of musical intervals. Let a metal or card 
board (UhIc 10 or 12 inches iii diameter be provided with four concentric 
rows of (upiidistaut liolos, the aucicessive rows containing' respectively 
24, 00, 00, and *18 lioh's (Fig. 800). The holes should be about I incii 
in diameter and th(j rows sliould be about 
I iiu!h a|)arb. Let the disk be jdaced in the 
rotating a])paratua and a constant spf'.ed 
iiuj)art<‘d. 'riieii let a j(‘.t of air be directed, 
as in § 800, against eacli row of holes in 
Huccessiou. It will Ih', found that the musi- 
cal sequence' doj nn't do' n ‘.suits. If the 
s))(mmI of rotation is imu'f'.ased, (‘aeli notf‘. 
will riH(‘. in pitch, but the se(pienc<i will 
rt'inaiu unchang(^d. 

Wi\ l(‘,ani, tluu’ofons, that the vam- 
ral HCffuenr.e //o, ?/?/, hoI^ do^ (unmnlH of 
nntvH 'lohone vlhration iiumherH have the 
radoH of 24 , 80 , 80 , and, 48 , thii in, 4 , 5 , 0 , 8 , and that thin ae- 
(//fen re in m/lej/e/ident (f the ahHohUe. vibration nvmherH of the toneH. 

Kurtbennons vvbuu two Hotels an oediave apart aro, sonnclod 
tofr<d-lu‘,r, they form tlu’i most liarmouious (iombinatiou wbi(4i it 
is possiblo to obtain. Tboso obaractoristics of notes an ootave 
apart \v(‘,r(t rottoguizcul in tbo earliest tirnos, long Ind’orc any- 
thing wbat(^V(n' was known about the ratio of tlunr vibration 
numbers, llu'. preceding (^Kperimont showed that tdm ratio 
in the HwvpIeHt pomhle,, namely, 2*1 to 48, or 1 to 2. Again, 
the next easicHl musical inUu’val to produce and the next 

881 



Fui. SCO. Disk for pro<luc- 
iiig music, al setpience do, uu, 
■sot do' 


332 properties OE MUSICAL SOUFDS 

most harmonious combination which can be found corre 
spends to the two notes commonly designated as do, sol Our 
experiment showed that this interval corresponds to the next 
simplest possible vibratioa ratio, namely, 24 to 36, or -u to * . 
When sol is sounded with do' the vibration ratio is seen to be 
36 to 48, or 3. to 4. We see, therefore, that the three simplest 
possible ratios of vibration numbers, namely, 1 to 2, 2 to 3, 
and 3 ‘to 4, are used in the production of the three notes 
do, sol, do'. Again, our experiment shows that anotlicr luir- 
monious musical interval, do, mi, corresponds to the vibiation 
ratio 24 to 30, or 4 to 5. We learn, therefore, that harmonious 
musical intervals correspond to very simple vibration ratios. 

410. The major diatonic scaled When the three notes do, 
mi, sol, which, as seen above, have the vibration ratios 4, 6, b, 
are all sounded together, they form a remarkably pleasing 
combination of tones. This combination was picked out and 
used very early in the musical development of the race. It is 
now known as the maj or chord. The * maj or diatonic scale is 
built up of three major chords. The absolute vibration number 
taken as the starting point is wholly immaterial, but the ex- 
planation of the origin of the eight notes of the octave c(nn- 
monly designated by the letters C, D, E, F, G, A, B, C' may 
be made more simple if we begin, as above, with a note whoso 
vibration number is 24. If this note is designated by the letter 
0, the two other notes of the first major chord, do-mi-sol, are 
designated by E and G. The second chord is obtained by 
starting from C', the octave of C, and coming down in tlio"^ 
ratios 6, 5, 4. The corresponding vibration numbers are 48, 
40, and 32, and the corresponding notes, known as do, la, fa, 
are designated by the letters O', A, and F. The third chord 
starts with G as the first note and runs up in the ratios 4, 6, 6. 
The corresponding notes, known as sol, si, re, have the vibration 
numbers 36, 45, and 54, and -are designated by the letters G, B, 
and D'. It will be seen that the note D' does not fall in the 
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octave between C and G', for its vibration number is above 48. 
The notcj D an octave below it falls between C and C’ and has 
a vibration number 27. Tins completes the eight notes of the 
diatonic scale. The chord do-mi’ml is called the tonic, sol-si-re 
the, dominant, and fa-la-do the siibdomiiiant. Below is given 
in tabular form the relations between the notes of an octave. 


vSyllabb's 

, do 

re 

mi 

fa 

sol 

la 

si 

do 

boWm's 

. (,' 

I) 

K 

F 

G 

A 

B 

a 

K(’.lativi‘ vibration numluu’s . . 

, 24 

27 

SO 


ni\ 

40 

46 

48 

Vibration ratios in Uu’nm oi* f/o . 

. 1 

e 

8 

5 

4 



•s 


2 

AbsoluU^ vU>rati(tn numbers . . 

25(1 

2HH 

220 

S41), 

884 

420 J 480 

612 


Standard middle 0 forks made for physical laboratories all 
luivci the vibration ]iunib(ir 256. In the so-called intemiational 
liiloh iniddle 0 luis 2(51 vibrations, and in conoert pitch 274. 

411. The even-tempered scale. If G is taken as do and a 
H(Uil(5 built up as above, it will be found that six of the above 
nottjs in each octave (am be used in this new key, but that two 
additional oiuis are retpiired (see table below). Similarly, to 
build up HC 4 iles, as above, in all the keys demanded by modern 
music, would nupiiro about lifiy notes in each octave. Ihmce 
a compromisi', is imuhi by dividing the ochwo into twelve 
iMjual intervals r(',pv(^sented by the eight white and five black 
k<‘ys of a. i)Uuio. Ifow luucdi tins so-ealled evem-tempered scale 
difhu’s from the ideal, or diatonit}, scale is sliown below. 


sXotf a i> E F a A n c> ir jc' f' <v 

nlatonlc .... URO 2 Hrt ai !0 My dm 4208 4H0 512 670 (HO (J82.2 768 

IKiitnlilokoyof O :iH4 432 4H0 612 570 O'lO 720 708 

'r»’tni»ntHl . . . 250 2H7.4 :i22.7 ;ni.7 DHIJ.S 400.7 4H;).n 512 674.8 (H6.4 (J83,4 7(r7.C 


VuUiATINO StHINUB^ 

412. Laws of vibrating strings. Let two plauo wires bo stretched 
uvvr a hex, uv a board witli pulicys attached so as to Conn a sonometer 
(Fig. aoi). Let tlie wedghts A and B h(^ adjusted until the two wires 
aunt exactly tlui Haiue not(‘. Thci phenomenon of beats will make it 

« I'iilM aiHcuHrtion Hhculd followcul l)y a laboratory experiment on the laws ot 
vibrating stringH Hoe, for example, Kxporlmout 41 of the authors' manual. 
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possible to do this with great accuracy. -Then let the bridge D be inserted 
exactly at the middle of one of the wires, and the two wires plucked in 
succession. The interval will be recognized at once as do, do'- Uext let 
the bridge be inserted so as to make one wire two thirds as long as the 
other, and let the two be plucked again. The interval will be recognized 
as do, sol. 

Now it was shown 
ill § 409 that do^ has 
twice as many vibra- 
tions per second as 
do, and sol has three halves as many. Hence, since the length 
corresponding to do' is one half as great as the first length, 
and that corresponding to sol two thirds as great, we conclude 
from this experiment that, other things being equal, the vibra- 
tion numbers of strings are inversely proportional to their lengths. 

Again, let the two wires be tuned to unison, and then let the weight 
A be increased until the pull which it exerts on the wire is exactly foiir 
times as great as that exerted by B. The note given out by the A wire 
will again be found to be an octave above that given out by the B wire. 

We learn, then, that the vibration numbe^rs of similar strings of 
equal length are proportional to the square roots of the tensions. 



413. Nodes and loops in vibrating strings. Let a string a meter 
long be attached to one of the prongs of a large tuning fork which 
makes in the neighbor- 
hood of 100 vibrations 
per second. Let the other 
end be attached as in the 
figure, and the fork set 
into vibration. If the fork 



Tig. 362. String vibrating as a whole 


is not electrically driven, which is much to be preferred, it may be. 
bowed with a violin bow or struck with a soft mallet. By making the 
tension of the thread, for example, proportional to the numbers 0, 4, 
and 1 it will be found possible to make it vibrate either as a whole, as 
in Fig. 362, or in two or three parts (Fig. 363). 


of 


This effect is due, as explained in § 408, to the interference 
the direct and reflected waves sent down the string from 
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the. vibrating fork. But we sliall show in tlie next paragraph 
that in considering the. effects of the ■sdl)rating stidng on 
I lie surrounding air we 
sliall make no mistake 
if we think of it as 
clampexl at each node, 
and as actually vibrat- 
ing in two or three or four s(^parate pai‘ts, as tlu‘. (.‘.ase may be. 

Fundauuntaus .and OvioirroNus 

414. Fundamentals and overtones. If tlie assertion just, 
made be correct, then a string whicli has a node in the middle 
(!omniunicates twice as many pulses to the air per second as 
tlie same string when it vibrates as a whole. This may he 
conclusively shown as follows : 

Let the Heiiuuietev wire (Kig. JiCl) lx*, plucked iu the middle and the. 
])itoh of the (‘.orrewponding tone carefully noted. Then let the linger b(^ 
touclied to the middle of the wire, and tlui latter plucked midway between 
tluH point and the (md.'^ 'File octavi*. of the original not(^ will be dis- 
tinctly h(‘ard. Next h‘t the linger b(‘. touchcul at a point one third of th(i 
wire kmgth from one end, and the wire again ])lueked. The note will he 
r(‘c.ognizi‘d as a^oV. Since*. w(‘. learned in § 410 that lias thrix^ halves as 
nuiny vibrations as (lo\ it must have threii times as many vibrations as tin*, 
original noti*,. lienee a win^ which is vibrating in three segiiuuits sends 
out thre(‘ tim(‘.H as many vibrations as when it is vibrating as a wlioh*. 

Now when a wire is i)hu*.k(*.d in the middle it vibrates simply 
as a whole, and therefore giv(^s forth the lowest uote which ii. 
is capable of producing. This note is called t\\i\ jhvn.da7)imta] 
of the wiix*.. When tlu^ wire*, is ma<h‘. (.o vibrate in, two parts it 
gives forth, tis has just been shown, a notes an oc,tavc higher 
than the fundamental. Tliis is (sailed the fmt ovr.rtono. When 
the wire is made to vibrate in three parts it gives fortli a notes 
corresponding to three times the vibration number of the 
fundamental, namely, mV. This is (sailed tlus muiml overtinm. 

* It is well to roiuov(» the linger ahiumt HlmultanoouNly with the plucking. 
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Kui. ;hs;J. string vibrating in three 
w^gments 
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When the wire vibrates in four parts it gives forth the third 
overtone, which is a note two octaves above the fundamental. 
The overtones of wires are often called harmonies. They bear 
the vibration ratios 2, 3, 4, 5, 6, 7, etc., to the fundamental.^ 
415. Simultaneous production of fundamentals and overtones. 
We have thus far produced overtones only by forcing the wire 
to remain at rest at certain properly chosen points durmg the 
bowing. 

Now let the wire be plucked at a point one fourth of its length from 
one end, without being touched in the middle. The tone most distinctly 
heard will be the fundamental, but if the wire is now touched very 
lightly exactly in the middle, 
the sound, instead of ceasing 
altogether, will continue, but 
the note heard will be an oc- 
tave higher than the funda- 
mental, showing that in this 
case there was superposed 
upon the vibration of the wire as a whole a vibration in two segments 
also (Fig. 364). By touching the wire in the middle the vibration as a 
whole was destroyed, but that in two parts remained. Let the experi- 
ment be repeated, with this difference, that the wire is now plucked in 
the middle instead of one fourth its length from one end. If it is now 
touched in the middle, the sound will entirely cease, showing that when 
a wire is plucked in the middle there is no first overtone supeipose.d 
upon the fundamental. Let the vdre be plucked again one fourth of its 
length from one end, and careful attention given to the compound note 
emitted. It will be found possible to recognize both the fundamental 
and the first overtone sounding at the same time. Similarly, by plucking 
at a point one sixth of the length of the wire from one end, and then 
touching it at a point one third of its length from the end, the second 
overtone may be made to appear distinctly, and a trained ear will detect 
it in the note given off by the wire, even before the fundamental is 
suppressed by touching at the point indicated. 

* Some instruments, such as bells, can produce higher tones whose vibration 
numbers are not exact multiples of the fundamental. These notes are still called 
overtones, but they are not called hamonics, the latter term being reserved fox 
the multiples. Strings produce harmonics only. 



Fig. 364. A wire simultaneously emitting 
its fundamental and first overtone 
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The experiments show, therefore, that in general the note 
emitted hy a striny plucked at ra^idom i8 a complex one^ co'mist- 
ing of afimdamcntal and several overtones^ and that just ivhat 
overtones are present in a given case depends on cohere and how 
the tvire is pluclmL 

416. Quality. Lut the souoinett'.r wire be plucked first in th (3 middle 
and then close to one end. The. two not(‘,s emitted will hav(i exactly the 
same pitch, and they may havi*. e.xactly the same loudnciss, but they will 
be o.asily r(‘co^’niz(‘d as diiT(u-e.nt in respee-t to something which wo call 
qudllti/. The exjxu-iuHuit of th(‘ last i)aragx’aph shows that the real phys- 
ic, al dirihre.uc(‘, in th(‘. toni*s is a dilfei’cnuu^. in tlu^ sorb of ov<irt()n(^H which 
ar(5 mixixl witli the. fundamimtal in the two cases. 

Again, let a mountcul fork bo sounded simultaneously with a 
mounted C fork. Tlu*. rt‘sultant tone will sound like a rich, full 
which will change into a hollow C when the C' is quenched with the 
liand. 

Every one is familiar with the fact that when notes of the 
same pitch and loudness are sounded upon a pitmo, a violin, 
and a coniot, the three tones can be readily distinguished. The 
last experiments suggest that the cause of this difference lies 
in thc‘ fact that it is only tho fundamental which is the same 
in the three cases, while the overtones are different. In other 
woi’ds, tho characteristic of a tone which we call its quality is 
d(‘,t(U‘mimid simply by the oiumher and promine/nca of the over-- 
tones which are present If tlutrc^ are few and weak overtones 
present, whil(‘. the fundamental is strong, the tone is, as a rule, 
soft ami nudlow, as when a sonometer win^ is plucked in the 
middle, or a (doscul organ pipe is blown gently, or a tuning 
fork is striudc with a soft mallet. Tho piu^sence of tuxinpar- 
ativedy strong overtones up to the fifth adds fullness and 
ricdincss to the resultant tone. This is illustrated by the 
ordinary tone from a piano, in whiidi several if not all of the 
first five overLones have a pxromiuent pUuie. Wlieu overtones 
higher than the sixth are present a sharp metallici quality 
begins to appear. This is illustrated when a tuning fork is 
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struck or a wire plucked, with a hard body. It i.s in order to 
avoid this quality that the luuuniers whicli strike ag-aiiist piauo 

wires are covered with fi.lt. ^ \ 

417 Analysis of tones by the manometnc flame. A vtiiy 
simple and beautiful way of showiu^v the e.omplex ehanieler ul 
most tones is furnished by the .so-ealhid mnmiirfrh 
This device consists of the following parts; a chamber in tlu' 
block B (Fig. tlirongh wliieh gas is led by way of Mui 



Via, 305. AnalyniH ol wuiukIh with iniuuumiU’if. IUuiich 


tubes 0 and Z> to the flaiiui F; a socoucl chaiubur in thu bloc'k 
A, separated from the first oliainber by an olantic*. diaphragiu 
made of very thin sheet rubber or paper, and (unimmnieaiing 
with the source of sound through the tube F and iniiupet G; 
and a rotating mirror M by wliicli the flame is obHiu’vtHl. When 
a note is produced before the moutlipieee G the vibratiouH oE 
the diaphragm produce variations in the pressure of the gas 
coming to the flame throngh the t;hainber in so that whan 
condensations strike the diaphragm the height of the llama is 
increased, and when rarefactions strike it the height of the 
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flame is diminished. If these iip-and-down motions of the flame 
are viewed in a rotating mirror, the longer and shorte.r images 
of tlie flame, which correspond to succ.essive intervals of time, 
a})].)ear side by side, as in Fig. SdO. If a rotating mirror is not 
to b(‘, had, a piece of ordinary mirror glass held in the hand 
and os(‘.illated baidc and forth ahont a vertical axis will b(^ 
found to give perfec-ily satisra(t-- 
tory r( ‘.suits. 

First I(‘t tiu*. mirror b(‘. rotated 
when no not(‘ is soun(h*(l Ixdore tlu^ 
inonth])i(‘e.e. Tli(*re will h(‘. no llne.- 
tnations in tin', llann*, and its image*, 
as S(‘.eu in tin*, moving mirror, will 
])(* a straight hand, as shown in 
Fig. N(‘xt h't a monnted fork 
h(^ sounded, or some otlnn* siinjjle 
tan<‘. produced i)i front of fV. Tin*, 
images in the*, mirror will h(‘ tliat 
shown in .*?. 'rin*u hd. anoi.luw fork 
C' h(*. sound(‘d in plae(‘ of tin* (\ 'I’ln^ 
iniag(^ will lx* that, slmwn in 4. Tln^ 
imag(‘s of tln^ tlann* are now twice, as 
clos(^ tog(*tli(‘.r as b(*.fon^, siinui the 
blows strikt^ tin*. diai)hragm twic<‘, as 
ofU'.n. N(‘xt h‘t the optni (uids of tlie 
ri‘.Houan(‘.(\ hox(‘H of the two tuning forks (J iuid (.y he held togt*,tlu‘.r in 
front of (r. The iinagii of the llame. will Ix^ as shown in. ,0'. If Lho vowel 
a h(‘. sung in the ])it(di Bb before the mouthpiixn*, a lignn^ i‘xae.tly simihir 
1.0 /> will h(^ produe.(vl, thus showing that this last ncjte is a complex, 
consisting of a fundamental and its first overt.on(‘- 

The proof that most otVier toiuis arc^ likc'.wist^ c.omph^.x li(‘S 
ill the faett that when aualyz(id hy the imuiometihi ilaim*. tlu'.y 
show figures not like t'i and 4, wliic.h c.orrespond to simple 
toium, but like /J, 6*, and 7, which may bc*. prodiuuul liy sounding 
(jomlnuations of simple tones. In the iigure, 6‘ is pixahiced 
by singing the vowel e on C" ; 7 is obtained wlu*n o is sung 
on 6'". 

I 
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418. Helmholtz^s experiment. If Uu‘ loud jjudul on a ]>iaii() is liold 
down and the vowel aoiiiulH ?, ft, tih, e, sun|:f loutlly iiilo tlic string’s, 
those vowels will be caught up and rcturued by tlu^ iustniiiuuit with 
sulRcient lidolity to make th(‘. (;ll*eet almost uiu'uuuy. 

It was by a metluKl wUu*.li may bo oousidcu’cul as iiuuv.ly a 
reliiiGiuent of this expcriiuout that Iltdiuholtz proved ctomdii- 
sively that (piality is dotorniimul simply by tlu‘. nninbor and 
prominence of the overtones whieli an', bhunhul wh.h Cui fiui- 
damental. Ifo first eonstrue.ted a larger numlHU* of nssonators, 
like that shown in Fig. 357, (uuth of which would respond to 
a note of some parti(*.ular pit(}h. By holding iliesti ri^sonators 
in succession to Ins ear while a nmsicnil note was sounding, ho 
picked out the constituents of the notti; that is, ho foimd out 
just what overtones were present and what 
were their relative intensities. Tlum lu^ i)ut 
these constituents together and reproduet'.d 
the original tone. This was done hy sound- 
ing simultaneously, with appropriate loud- "" 
ness, two or more of a whole series of tuning Rclm- 

forks wliieh had the vibration ratios 1, % 3, uwaiaUu 

4, 5, G, 7. In this way bo sut^eeeded not only in imitating tbe 
qualities of different musieal inskumt'.ntH, but eviui in repru- 
diiciug the various vowel sounds. 

419. Sympathetic vibrations. L(‘t two mounted tuning forks of 
the same pitch be plaot'.d with the op(!n cuds of their r(»HonatorH facing 
each other. Lot one be set into vigorous vihration with a soft iiuilht 
and thou quickly (picrich(‘d by grasping the prongs with tlu^ hand. 
The other fork will be found to bti somidiug loudly fmough to bo luuird 
over a largo room. Next hvb a jumny be waxed to one prong tlu^ Ht‘o- 
ond fork and the experinuvnt rep(*at(Hl Wlum the sound of the first 
fork is quenched, no sound whatever will be found tt> be ctiining from 
the second fork. 

The experiment illustrates the phenomenon of Byrnpathtia 
vibrations and shows what conditions arc essential to its appear- 
ance. If two bodies capable of emitting musical notes have 


llKiiMANN I.i'hWKi Fi;tn»iNAM) Vv»N 1 1 1 : i..\ni(»i.-i*/ (!HlM IHtM) 

Noted (leniuui pliyslelsl and piiysioloyisl ; pndessi*!- of iiliyshdoj^y and aiiuloniy 
a.(. Hauii and a(. (leidelher-- from IS.V* (o ISTI ; pndVssor (d’ jdiysieH al Iterlin from 
IHTl lo IStil ; i)ul)lislu‘d in 1K17 a famoas paper on 1 Iw' eoiiserval ion of eneruf.v. w hiidi 
was niosMnllnenlia.1 in eslahlishin-- lhal doelrine; invenled (in* (pdil lialn’ioMe.^pe ; 
(li.seov«n-(‘d tlir pl>ysj<'al .sijundlieajwe of lone (jiialil.v, ami made oilier eoiilrilm- 
Uons to aeonsl.ies and optics; was i»re«‘mineiil also as a iiiallumialieal pliyaieist 
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exactly the same natural period of vibration, the pulses com- 
municated to the air when one alone is sounding, beat upon the 
second at intervals which correspond exactly to its own natu- 
ral period. Each pulse therefore adds its effect to that of the 
preceding pulses, and though the effect due to a single pulse 
is very slight, a great number of such pulses produce a large 
resultant effect. In the same way a large number of very feeble 
pulls may set a heavy pendulum into vibrations of considerable 
amplitude if the pulls come at intervals exactly equal to the 
natural period of the pendulum. On the other hand, if the 
two sounding bodies have even a slight difference of period, 
the effect of the first pulses is neutralized by the effect of suc- 
ceeding pulses as soon as the two bodies, on account of their 
difference in period, get to swinging in opposite directions. 

Let notes of different pitches be sting intci a piano when the dampers 
are lifted. The. wire which has the pitch of the note sounded will in 
every case resi^ond. Sing a little off the key and the response will cease. 

420, Sympathetic vibrations produced by overtones. It is 

not essential, in order that a body may be set into sympathetic 
vibrations, that it have the same pitch as the sounding body, 
provided its pitch corresponds exactly with the pitch of one of 
the overtones of that body. 

Thus, if the damper is lifted from the C string of a piano and the 
octave below, (7^, is sounded loudly, C will be heard to sound after has 
been quenched by the damper. In this case it is the first overtone of 
which is in exact tune with C, and which therefore sets it into sympa- 
thetic vibration. Again, if the damper is lifted from the G string while 

is sounded, this note will be found to be set into vibration by the 
second overtone of A still more interesting case is obtained by remov- 
ing the damper from E while is sounded. When is quenched, the 
note which is heard is not E, but an octave above that is, E\ This is 
because there is no overtone of which corresponds to the vibration of 
E ; but the fourth overtone of which has five times the vibration num- 
ber of Cj, corresponds exactly to the vibration number of E', the first 
overtone of E. Hence E is set into vibration not as a whole but iu halves. 
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421. Physical significance of harmony and of discord. I.c't i.wn 

pieces of glass tubing about an inch in diam(‘te*r and a foot and a hall 
long bo Bup])ortod vertically, as shown in Kig. IlOS. Let two gas jets, 
uiadt^ by drawing down piecn^s of ou(‘-four(.h imdi glass tubing inU-il, with 
full gas pr(‘MHur(‘, tlu^ llaiiH^ is about an iiu'b long, lu^ thrust inside thf‘S{‘ 
t\d)es to a height of about tlirtu*. or four iuelies from the Itottoiu. L(‘t 


the, gas b(‘.turn(‘d down until th(\ tub(*s Ix'giu to sing. Without atbuupt- 
ing U) divSCUHs th<‘. ]iart wliicdi the', llaiue jilays iu tlu' produtd.iou of tlu\ 
sound, we. wish simply to call aiteuition to tlu^ fact 
that the, two tones are eitluu' <piit(\ iu unison, or h() Ilf 

near it that but a f(‘w Ijiuits ar(‘ prodiuu'd pen* second. | ||j 

Now let the le.ngth of euu'. of the', tube's be Hlightly 
iiicreuise'd by Hlij)jung the^ pape'r e.ylineler S up ovew 
its end. The numbe'r of lu'ats will \n^ rapidly in« 
eu’(*ased until tlu'y will lu'eujme^ indistinguishable' as 
se‘.]mrate Ix'.atH auel will jui'rgc', into a jarring, grat- 
iJig ilis<U)rd. 

'Pbn (^xporinunii tnac.lu^s tluil dheord h mm- 
plj/ a phemmimon of heafi^. If vibrai.ion 
nunibnrs do not dilTor l)y inort^ tbai\ live or 
six, that is, if tluu’c arc not nuu’i', than live', 
e)i* six boats per vsoooud, tlio (dToot is not i)ai*“ 
tienilarly nnploasant. From this point on, 
howe'.vcr, as tlio dilTorontu) iu the^ vibration 
nm\il)ors, and -thore^fon^ in tho numbe'r of 
boats per sco.ond, inoroases, tlu'. nnpUuusant- 
noss inoroasos, and bocumu^s worst at a diffor- 
ouoo of al)out thirty. 'Phus Uu‘, notos H and 

whioh differ liy about thirty-two luuitH ptu* Ht‘.(u)ud, prodiuu*, 
about tho worst possible dise'.ord. When tlu^ vibration numbers 
differ by as niueJi as seventy, whieli is vibout tlu'. difftwiu’e 
between 0 and the elTee.t is again pletising or harmonious. 
Moreover, in ordcu* tluit two notes may hariuonr/e wtdl, it is 
necessary not only that the notes Uunnselves shall not pro- 
duce an unpleasant nuiubcn- of beats, but also that such btuits 
shall not aviso from their overttuies. Thus (/ and H ai’e very 
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discordant, although they differ by a large number of vibra- 
tions per second. The discord in this case arises between Ji 
and (7', the first overtone of (L 

Again, tliere are certain classes of instruments, of which bells 
are a striking example, whicdi produce insufferable discords 
wlu^n even suc*h notes as do^ .w/, di/^ are sounded simultaneonsly 
upon them. This is b(H*-ause these instruments, unlike strings 
and pipes, have overtones whie.h arc not harmonics, that is, 
which are not multiples of the fundamental ; and these over- 
tones products beats cither among themselves or with one of 
the fundamentals. It is for this reason that in playing cdiimes 
the bells ari‘, struede in succession, not simultaneously. 

QUESTIONS AND PROBLEMS 

1. At what lH)int iiuist tlio string Ixi by tin* fing(*r of the 

violinist ill order to ])roduce th(^ noti*. (Vi 

2. 1 £ ont\ win^ lias twice tlui length of aiiotluM* and is strihicJic.d by four 
tuiH‘.s tlui Htnjtc.hiiig forex', bow will tlndr vibration numbers c(nnj)an*V 

3. A wire gives out the nobi (1. What is its fourtli oveu’tomiV 

4. What ia the wavt^ length of middh^ (' wlum th(‘. sj)e.(‘d of sound is 
1152 ft. ])(jr aiicond? 

5. What is the pitch of a nob^ whoH(^ wavi^ length is 5/1 in., tin*, speixl 
Ixnug 1152 ft. per second V 

6. If middle OMiad 300 vibrations p(‘.r second, liow many vibrations 
wouhl F and yl luiv(‘.V 

7. What is the fourth overtmu^ of Ci the fifth overtom^? 

8. A wire gives ont the nob^ C wlum the tension on it is 4 kg. Whal; 
tension will be rcxpiired to giv(% out the Tiote G'i 

9. A wire 50 cm. long gives out 400 vibrations per siutond. How 
many vibrations will it glv<^ when tlu^ l(mgth is rtHimaul to 10 cm. ? What 
Hyllahlo will rc^pn^sent this nobi if do r(‘-pr(‘R(}nts tlie first nob‘.V 

10 . ^riiere an^ s(*.ve.u octaves and two iiob'.s on an ordinary ]»iano, the 
lowest note Vming and tli<‘< highest oiui V"", If the vibration uumb(‘r 
of the lowest nob\ is 27, liud tin*, vibration nuinlxu* of tln^ highest. 

11. Find the wavti length of the lowest nob', on tlu' piano; th<*. wave 
lengtli of tlm highest nob', (Take*, the spe/ul of sound in air as 1130 ft. 
per siH'.oud.) 

12. A violin string is commonly bowi'd about one sevi'.nth of its length 
from one eml. Why is tliis better than bowing in the middle? 
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Wind Instiuimdnts 

422. Fundamentals of closed pipes. L(‘t. si i-ij-hMy rublx^r 

stopper be iiLserted in a j^'lass tiib(\ a ta* bai iiudies 

and abiait three fourl-hs oC an iiieh in diameler. Lei. the stopper bt^ 
pushed along* the, tiilu*. until, when si vibrating* lork is held Indon* tlu'. 
mouth, i*t‘souamu^ is obtsiimul sis in § '10^2. ('The leng'th will lu* six or 
seven inelu'.s.) dduni hvtihe fork la*, rsunovtsl aiul si stresuu «»l sur blown 
across the mouth of tlu^ tube throug'h si picaa* of 
tubing hy llaitened sit one e.nd sis in tlu^ figur<‘.* 

The pipe will be found to (unit strongly the 
note of the fork. 

Ill every ease U. us found that a uoU^ 
wliieli a pipe may be madi^ to tunil is 
always a note to wliit'li it is abk'. to ri',- 
spoud wlieu used as a nusouator. Sinei^ 
in § 403, tlio best resonauee was found 
wlion tlic wave leugtli fjfiviui f)ut by the 
fork was four tiuu‘s tlu*. leugl.li of tin*, 
pipe, wo Ituirn tliat 'iohm a (Turroft of air 
u HidtaUif diravUui arrom the mouth of a> cloHotl pipr^ it mill emit 
a 7iote ivhieh has a warn letujlhfour times the lemjfh (f the pipe. 
This note is (‘.ailed i]ii)fimdamenf(il of the pipe. It is tlu^ lowest 
note which ihti pipe eau be made to prodiunu 

423. Fundamentals of open pipes. Siu(*.e m) found in § 404 
that the lowest note to whu?h a pipe open at the lowest end can 
rospond is one the wav(^ length of which is twitu^ the pipe 
length, we infer that an open pipe when suitably blown ought 
to emit a note the waves length of which is twice the pipe length. 
This means that if tlie same [)ipe is blown first when (dosed at 
the lower (3nd and then when open, the first note ought to be 
an octavo lower than the Becond, 

the arrangement of Fig. tW la not at Uatul, almply blow with the \\\m aenma 
the edge of a piece of ordinary glass tubing within which a rubber stopper may 
be pushed hack and forth. 
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Let the pipe a (Fig. 800 ) be closed at the bottom with the hand and 
blown ; then let tlie hand be removed and the operation repeated. Tlie 
second note will indeed be found to be an octave higher than the first. 

We learn, tlicrcfore, that the fmidameiital of an o^en 'pife 
ha^ a UHwa length equal to twice the pipe length. 

424. Overtones in pipes. It was fomul in § 403 that tliere 
arc a whole seric^s of pipe lengths whieh respond to a given 
fork, and that those lengths hear to the wave length of the 
fork the ratios *i{., J, (d.o, "riiis is cMpiivaleiit to saying that 
a (dosed pip(‘. ol' fired length ean respond to a whole series of 
not(5S whose vihi'ation umubin’s have the ratios 1, 3, 5, 7, etc. 

Similarly, in § 404, we found that in the c'-ase of an open pipe 
tlu', series of pipe lengths whicih will rcispoud to a given fork 
b(‘ar to the wave length of the fork the ratios I-, 4, cdc. 

d'his again is c(]nival(mt to saying that an open pipe can re- 
spond to a series of notes whose vibration numbers have the 
ratios 1, 2, 3, 4, 5, ete. Ileneo we infer that it ought to be 
possible to cause both open and closed pipes to emit notes of 
higher pitch than tlieir fundamentals, that is, overtones, and 
that the first overtone of an open pipe slumld have twice the 
rat(^ of vibration of tlie fundamental, that is, that it should bo 
do', the fundamental being (*.onsidered as do; that the second 
overtou(3 should vibrato three times as fast as the fundamental, 
that is, it should be aoV ; ibat tlie third overtone should vibrate { 

four times as fast, that is, it should bc\ do"; that the fourth | 

overtone should vibrate five times as fast, that is, it should bo i 

mi", ote. In the (uise of the eloned pipe, liowevor, the first | 

overtone sliould have a vibration rate three times that of tlie 
fundamental, that is, it should be soV ; the sceemd overtone 
should vibrato five tnru‘.s as fast, that is, it should be mi", (de. 

In other words,’ while an opc^n pipe ought to give forth all the 
harmonies, both odd and even, a closed pipe ought to pro- 
ducio the odd harmonies, but be entirely ineapalile of prodiunng 
the eweyi ones. 
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Lo.l) tiho, piiK*. of Fig. iidO bo blown vso as to ]»ro(Inoo tlio fuudanioutal 
whoii tlic lower end is ojxni. ddn'ii hd. tihe. stnnigt.h of t.Ue air blast, bo 
imn'cuised. Tho nolo will bo found to si»riiig to </o'. By Idovving still 
bardor it will sjjring to .so/', and a still fnrth(*r inort'asi^ will ))roi)ably 
bring out do". When tho low(U' end is o.losod, iiowtn'or, tin* (irst ovortoin*. 
will bo found to be and tho next one vii", just as our theory dt'inauds. 


425. Mechanism of emission of notes by pipes. A musical 
note is prodmuul by blowing; across the iiunith of a pipi*. Invausi'! 
the jet of air vibraU^s back and forth ac.rnss tlu? lip in a pcU’iod 
wliicli is d(dioruiincd wholly by tho natural ri\sonauco pi'riod of 
the pipe. Thus suppose that the jtd. <r ( B7d) first strik(\s 
just inside the islgY*. or Hp of thci i>ipe. A i-oudmisalioua! i>ulse 
starts down tlui pipe. Wlum it returns to the 
uiouth after r(vlle(iti{)ii at ilit* (dostul (‘ud i( 
pusluis tb(^ jet oulsith* tin; lip. 'This shirts a 
randac.tiou down tlu‘. jnpis which, afUn* ndurn 
from tli(‘ 1(>W(U' (‘lid, [uills the j(d. in a^^ain. 

There*, an^ Uiiis semt out into tlu^ room rt‘.gU“ 
larly tinuul puffs the*. ])eriod of whu^h is tuui- 
lroll(Ml by tlie re(l(*(d(‘.d juilses c-omiug; l)a(‘k 
from tlu^ Jow(U’ (did; tliat is, by the natural 
resomiiuu*. peu’iod of the pipe*. 

.By bknving more vioUmtly it is ]H)ssil)h‘ to ennite, by virtm* 
of the friction of the walls, so gfnnit and so suddtm a comprt‘s- 
siou in tlie mouth of tlie pipcj that the jt‘.t is fonu'd out over 
tho e(lg(i before tlu; nitiirn of the lirst n*.l1e(d.(Hl pulse. In this 
ease no note will be [irodnced unh^ss the blowing; is of just 
the right intensity to cause the jet to swing out in tlu*. iieriod 
corrospoudiug to an ovortoiu^. In tliisease tluj reflec-ted pulses 
will roUiru from tho end at just the right intervals to keeii the 
jed swinging in this period. This shows wliy a (‘urrent of a par- 
ticular intensity is rcHpiired to start any particular overtoiu*. 

Another way of looking at the mat(t‘r is to think of the.* 
pipe as being (ill(.‘d up with air until tlu^ pressure within it is 
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great enough to force the jet outside the lip, upon which a 
period of discharge follows, to be succeeded in turn by 
another period of charge. These periods are controlled by the 
length of the pipe and the violence of the blowing precisely 
as described above. 

With open pipes the situation is in no way dilBferent save 
that the reflection of a condensation as a rarefaction at the 
lower end makes the natural period twice as high, since* the 
pipe length is now one-half wave length instead of one-foui'th 
wave length (see § 404). 

426. Vibrating air-jet instruments. Tlie niechaniam of the production 
of musical tones by the ordinary ox’gan pipe, the flute, the fife, the 
piccolo, and all whistles is essentially the same as in 
the case of the pipe of Fig, 870. In all these instru- 
ments an, air jet is imuh^ to play across the edge of an 
ojuming in an air chanilxer, and the niflected ])ulses 
returning from tlie other end of the. (ihamber cahuse it 
to vibrate back and forth, first into the cliamlxer and 
then out again. In tliis way a series of regularly 
timed puffs of air is made to pass from the instru- 
jnent to the ear of the observoir precisely as in the 
e.ase of the, rf)tating disk of § 80(5. The air chamber 
.may he oitlujr open or closed at the remote end. In 
the flute it is ojxm, in whistles it is usually closed, 
and in organ ])ipes it may he either open or closed. 

Fig, 871 sIlows a cross section of two tyj)es of organ 
pipes. The jet of air froiri S vibrates across the lip 
L in oheflienee to the ])ressure exert(*d on it by waves 
r(‘.fh*eted fx*om (), Pi]K.‘. organs are provided with a 
different ])ipe for each nob*, hut the flute, piccolo, or 
fife is Tuadfi to prodmui a whole scries of notes, either by l)lowing f)ver- 
tones or by opening hol(‘,s in the tube, an operation which is equivalent 
to cutting tli(i tube off at the liole. 

427. Vibrating reed instruments. In reed instruments the vibrating 
air jet is replaced by a vibrating reed or tongue which ox)ens and closes, 
at absolutely regular intervals, an oj^ening against which the performer 
is directing a current of air. In the clarin(‘t, the oboe, the bassoon, et<‘,., 
the reed is placed at the upj)cr end of thetxibe (sec Ij Fig. 872), and tlu* 
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theory of its opening and closing the orifice so as to admit successive 
puffs of air to the pipe is identical with the theory of the fluctuation of 
the air jet into and out of the organ pipe. For in 
these instruments the reed has practically no rigidity 
and consequently no natural period. Hence its vibra- 
tions are controlled entirely by the reflected luilses. 
In other reed instruments, like the mouth organ, 
the common reed organ, or. the accordion, it is the 
elasticity of the reed alone (see 2 :, Fig. 373) which 


F 10 . 372. Mouth- 
piece of a clari- 
net, showing the 
tongue which 
opens and closes 
the upper end of 
the pipe 



Fig. 373. The vibrating tongue of tho 
mouth organ, accordion, etc. 



controls the emission of pulses. In such instruments there is no luuu'ssity 
for air chambers. The arrows of Fig. 373 indicate the direction of tlie 
air current which is interrupted as the reed vibrates 
between the positions z-^ and 

In still other reed instruments, like the reed pipes 
used in large organs (Fig. 374), the jperiod of the 
pulses is controlled partly by the elasticity of the reed 
and partly by the return of the reflected waves ; in 
other words, the natural period of the reed is more or 
less coerced by the period of the reflected pulses. 

Within certain limits, therefore, such instruments may 
be tuned by changing the length of the vibrating reed 
/ without changing the length of the pipe.’ This is 
done by pushing the wire r up or down. 

428. Vibrating lip instruments. In instruments of 
'fche bugle and cornet type the vibrating reed is replaced 
by the vibrating lips of the musician, the jieriod of 
their vibration being controlled’, precisely as in the 
organ pipe or the clarinet, by the period of the return- 
ing pulses. In the bugle the pipe length is fixed, and p,,. o,, 
hence the only notes of which such an instrument is ,eed-organ 
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capable an^ the fiindaiucutal and about live overtones. In the cornet 
(Fij;’, MTo) and iu nH).st forms of horns, valves a, c, wor.k(‘d by the finf»'ers 
vary th(i hmgth t)f th(‘. pipe, and hence such instruments can produce as 
many s(U’i(\s of funda- 
mentals and overtones as 
tlu're are. ])ossible tubi^ 
hm^’ths. In tin* trombone 
th(‘ variation of jiitcli is 
a(uu)mplis]i(ul by blowin}^’ 
overtoiK'S ami by chan^'- 
iiig' th(^ tube, length by a 
sliding’ ])ori.ion. 

429. The phonograph. ti,,, coniot 

III tli(‘. ori^’inal form of 

tlu^ l)honojfra]ih tlie. sound wave's, colleeh^d. by the cone., an^ carried to a 
thin nudallic disk (Fi^*. exactly like a telephone diaphragm, 

which ialu's np vmy nearly the vibration form of tlie wavi^ wliicli strike.s 
it. This vibration form is permammtly imiiresscd on the wax-coated 
cylinder 71/ by means of a stylus I> wliich 
is attached to tlu^ hack of tht‘ disk. When 
tli(‘. stylus is run a sc'ctond tilin'. ov«‘r the 
groove whicdi it first imuh^ in ilie wax, it 
r(*c(‘iv(‘S again and im[)art.s to tin', <Usk the 
vibi’ation form whiidi first ft'll u]>ou it. 

In tin', most familiar of tin', modern 
forms (d’ tin’ jiinmograph (gramo])ln.)ni‘, 
eU*..) tin' invedle point 


the disk is (‘tclu'd out with eliromic, acid. Thou a cojiper mold is made 
hy the I'h'ctrotyi^ing prom'ss, and as many as a tliousaiid facsiiuileH of 
thi' original wavy line are imjjn'sse.d en hard rublxu* disks hy hi'ut and 
preSHuri^. Wlu'u the m'c'dle is again run ovc'r tln^ disk, it follows along tlu^ 
wavy grooves ami transmits to the diapbragni b' vilu’atioiis (‘xae.tly like 
those which originally fell upon it. Spokim words, vocal and orchestral 
mllHu^,ar('. re.prodmx'd in })itch,loinlneHs,and (piality witli wonderful (exact- 
ness. This iustruun'ut is one of the many invimtlons of 'riumuis Kdisou. 
t 


instead of digging 
a groove' ill wax, vi- 
braU's back and forth 
(see I'’ig. 1177) ovc'r 
a greased /Jin', disk. 
I’ll is wavy trains in 
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QUESTIONS AND PROBLEMS 

1. What will be the relative lengths of a series of organ pipes which 
produce the eight notes of a diatonic scale ? 

2. What must be the length of a closed organ pipe whicli produces 
the note (Take the speed of sound as 340 in. per second.) 

3. Will the pitch of a pipe organ be the same in suiiuner as on a 
cold day in winter ? What could cause a difference ? 

4. What is the first overtone which can be produced in an open 
organ pipe ? 

5. What is the first overtone which can be produced by a closed 
C organ pipe? 

6. Explain how an instrument like the bugle, which has an air 
column of unchanging length, may be made to produce several notc^s 
of different pitch. 

7. When water is poured into a deep bottle, why does the pitch oC 
the sound rise as the bottle fills ? 

8. Why is the quality of an open organ pipe different from tluit of 
a closed organ pipe ? 

9. The velocity of sound in hydrogen is about four times as gr(*-ut 
as it is in air. If a C/ pipe is blown with liydrogen, what will be tlie 
pitch of the note emitted? 

10 . What effect will be produced on a phonograpli record made with 
the instrument of Fig. 377 if the loudness of a note is increased? if 
the pitch is lowered an octave? 


CHAPTER XVin 


NATURE AND PROPAGATION OF LIGHT 

T.ran;smi8sion of ]^ioht 

430. Speed of light. J^eforc the year lt)75 light was thought 
to pass instantaneously from the source to th(‘, observer. In 
that year, however, Olaf Roemer, a young Danish astron- 
onuu*, made*, the following observations, lie had observed 
at*,ciirately the instant at which one of Jupiter’s satellites M 
( Fig. 878) passed into 
J upiter’s shadow when 
the earth was at .A', 
and predicted, from tlui 
l<nown mean time be- 
iiW(',en mch eclipses, the 
exa(it instant at which 
a given eclipse should 
oc.c.nr six months lahn* 
when tlu^, (Mirtli was 
at M It actually took 
place Id minutes 8(> 
scH’.omls (99(1 sec.onds) later. Me (ioncludcd that the 99() 
st'c.onds’ delay r(ipr(*,Hented th(^ time required for light to 
travel across the (Uirth’s orbit, a distance known to be about 
1 SO, 000, 000 miles. The most precise of rnodcum determinations 
of th{‘, speed of light are made by laboratory methods. The 
g(mtn'ally acuicpted value, that of Michelson, of The University 
of Chicago, is 299,860 kilometers per second. It is suHiciently 
corrett to remember it as 300,000 kilometers, or 186,000 miles. 




Kci. S7K. IlluHtvaliins^ Roomer’s (lotorminatioii 
(if the velocity of light 
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Though this speed would carry light around the, (‘arth 7A times 
in a second, yet it is so small in <*.omparisoii with iuttu’shdlar 
distances that the light which is now niaehiug tla^ t‘arth from 
the nearest fixed star, Alpha (Uuitauri, starU‘.d lA jarars 
ago. rf an observer on the pole star had a teles(H)pi‘- [)ow('.rful 
enough to enable him to see evimts on tlu^ i‘arth, he would not 
see the battle of Gettysburg (whitth oeinirred in »)uly, 18(13) 
until January, 1918. 

Both Foucault in Franc, o and Mieludson in Aimulca have 
measured directly the velocity of light in watm* and hav(^ 
found it to be only three fourths as griuit as in air. It. will be 
shown later that in all trausparcut lii[uids and solids it is k',ss 
than it is in air. 

431. Reflection, of L(»fc a luuun of Hunlight ho mlinitU'd l-o 

a darkened room thi’ougli a narrow hUI., 'V\n^ straight patli of ilio beam 
will bo rcndorod visiblo by tho brightly ilbiuuiUHl tbist pavtitlos sns' 
pendud in the air. L(‘.t th(‘. boam fall on th(\ surfaoo of a mirror. Its 
direction will bo H(uni to b(^ Hhar[)ly 
changed, as shown in Fig. 379. Let 
tho mirror bo hdd so tliat it is p(‘r- 
pendicular to tho beam. Tho boam will 
bo seen to bo rofhudtul dircudly back 
on itself. L(‘.t tlui mirror bo tnrruul 
through an angle of 43*^. 3"he, ridU'ctiuI 
beam will niovo through OO®. 

The experiment shows roughly, 
therefore, that the angle .IO/\ h(\- 
tween the in(3ident boam and iho 
normal to the mirror, is equal to tlu5 angle POH bi*.tweeu llie n*- 
fleeted beam and the normal to tho mirror. T'ht^ first angles f()/\ 
is called tho angle of incidence, and the seetoud, /'G/j!, theaugUujf 
reflection. Iloncc tho law of the reflection of light may staUul 
thus; The angle of rirfkdum is equal to the angle if ineUlvnee. 

* An exact laboratory experiment (in the law of reno('ti(in nlniuld either preeeile 
or follow this fliscussion. See, for examplo, Kxporimtsnt 42 of tho authors’ manual. 
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432. Diffusion of light. Tn tlie lasb experiment the light was 
r(‘fl(‘etc‘(l by a V(‘ry smooth plam*. surface. Let the l)eam be iioW allowed 
to fall Upon a rough surfatu* lik(* that of a sh(‘.et of imgla/.ed whitepaper. 
No rell(‘cte<l luuim will be s(‘eu ; but, instead, the whole room will be 
brlghteiu'd ap[)re(‘.iably, so that the oiitlijui of objects before iiiviaiblo 
may be [dainly distinguislual. 




The. beam has ovidmiUy beam seattered in all directions by 
the iuuuiuerable litth‘. vtdUud.iug surfaces of wliicb the sur- 
fac.e of the pa.per is composed. The effect will be iniich more 
noticeable if the 
beam is' allowed 
to fall alteriiatcdy 
on a picuio of dead 

blac!k('.lothaudon 
th(‘. whitci paper irregular relbK'.tiou 

Tlie light is largely absorbed by tlie cloth, while it is seattc^.red 
or diffmely i^ef eated by the pa[)C‘.r. The difference betwcieu a 
sinootli reflector and a rough one is illustrated iu greatly 
nuiguilicd form iu Fig. 380. 

433. Visibility of nonluminous bodies. Every one is familiar 
with the fac.t that CiM’taiu classes of bodies, such as the sun, a 
gas llaiiui, etc^., are self-luminous, that is, visible ou tlieir own 
ai'.c.oiuit ; while other bodies, like l)t)oks, chairs, tables, etc., can 
be s(um only wluui they are in the presence of luminous bodies. 
Tlu‘. above ex])(U’im(mt shows bow sudi nonluminous, diffusing 
bodies lHuu)me visible iu the presciuce of luminous bodies. For, 
sincti a diffusing surf ac*.e scattenvs iu all directions tlie light which 
falls upon it, eac.h small ckmient of such a surface is sending 
out light in a gnuit many direedions, in much the same way in 
which oacjli point ou a luminous surface is sending out light in 
all directions. Hetu’-o we always see the outlme of a diffusing 
surface as wo do that of an emitting surface, no matter whore 
the eye is placed. On the other hand, when light comes to 
the eye from a polished reflecting sindace, since the form of 
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the beam ia .wholly uudistiirbcHl by the relleclaoii, wt'. see the 
outline hot of tlu^ mirror but ratlier of tlu^ souret\ from wliiidi 
the light came to th(‘< mirror, wlietlHU’ this sour(*i‘ is itsdf si‘lL 
luminous or is only ac^tiug, btuauis(‘. of its lighi-seat-teriiig 
power, like a self-luminous sounu*. Points on tlu* mirror wliieh 
are not in line with this sounre can stmd no light wliaU‘V(‘r to 
the eye. Ikmee the mirror itself must be invisible. The fact 
that on(‘, oftcai runs into a largn^ mirror or plat(‘-gluss window 
is suffielent (*.onliruuition of th(‘ triUh of (Ju^ stalmueiil. that 
neither a perfec-t ridh'ctor nor a i»<*rr(‘et ly (.]‘ans[)arent body is 
itself visible. All bodies otlu*r than stdr-huuinous ones an* 
visible only by the light whiidi tlu^y dilT\tse. Ulae.k bodi(‘s send 
no light to the eyes but tlidr outliiu's euu be tlistinguished by 
the light wliicdi (tomes from tlu*. background. Any ol)ject whtt'h 
am he tsnvs therefont, may lx* rctgarded as ilsedf s(*nding rays 
to tint (‘y(*. ; that is, it may lut trcnibxl as a Inmimms t){Hly. 

434. Refraction. Lci. a narrow hnani of Hunliglit hi» allowed to fall 
on a thutk j^'Ihhh ]»lal(' with a polished front and wliitened haek* { dSl). 
It will h(^ st*en to split ini^o a n*- 
ll(Hd(jd and a trausinitUMl portion, 

'Pho transiuitted jxjrLiou will Ix^ 

HCHiu to 1)(^ hnnt toward tln^ })er- 
jxmdioular OP drawn into tli(\ 
glasH. Upon enuirgencu^ into tlu^ 
air it will bn bemt again, but this 
tune away from tlui purpendic.ie 
lar O'P' drawn into tlicj air. Ta't 
th<-^ incident b('ani strikes tluj sur- 
face at difforesut angles. It will hts 
seen that the greater the angle ofhn 
cidence the greater the bending. At 
uorinal incidence tlusns will h(s no bcsiuUug at all. If tin* U}>per and lower 
faces of the glass arci parallel, Uhs bcuidiiig at the two fa(’.(‘H w'ill always 
the same, so that the emergent htuim is j)aralhd to the iuckhmt beam, 

^AU of those exporhnonts eii r(di«c,tioii auil rofnu'.tlou may hn daiio ofTtHUivtily 
aud convonieatly hy using disks of glass, like those um^d with the Ilarfcl Optical 
Disk, througb which the beam can he traced. 



Kro, 8H1. Path of a ray through a uxj- 
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Similar experiments made with other substances have 
brou^’lit out the general law that 'wlicaever light tramU ohliquelg 
fratn, our. nirdiwtri uito another in tvhieh the. Hpeed in /m*, it u lent 
toHuird the perpenduuila.r., and 'inhen it pdi^Hes from one. niedhcm to 


anifther in ‘irhieh the npeed in greater^ 
it U bent away fro-m the. perpendie- 
idar driVinn into the neeond inediwni, 

435. Total reflection ; critical 
angle. Sine.e rays emerging from 
a medium like water into oiu'- of 
less (huisity like air are always 



lumt./re/M the perpcuidieiilar (see 
///i, Im J>^ ei;e.., Fig. 882), it is cdear 
tliat if th(^ angle of ineideiuie on 


Fko ^182. Hays ctuuiiin- li-oui a 
I. imtliiv wai.tu' to tlio 
boundary bctvvoBU air and water 
at dilTtiront aiigloH of incidenoo 


ilu‘ unden* surfacic of the water is 


made larger and larger, a point must l)e rem^hed at which the 
relTa(*ted ray is parallel to the nurfaee (see Int.b Fig. 882). It 
is iule.resting to impure what will . happen to a ray lo whieli 
strikes the surface at a still gr(^at(ir iingle. of imudema^ 

It will not be unnatural to suppose tliat siiu'.e the ray nC just 
grazed the surface, the ray Jo will 
not he able to emerge at all. T'he 
following experiment will show that 
this is iu(U*.ed the case. 

Let a prism with thnu^ polisluHl edges, 
a polished front, and a whitened back he t 
held in tlu^)ath of a narrow beam of sun- 
light, as sliown in Fig. :i8Jh If the angle Fio. 888. TransmlsHion and 
of incidence JoP is small, th(‘. beam will vellectJou of light, at surface 
divide at 0 into a udlected and a trans- /I n of a right-angled prism 
niitti‘d portiem, the former going to »S", 

the lattiu’ to S (neglect tlu^ color for the ])resent). Let the ]>rism be 
rutati‘d slowly in the direction of the arrow. A j)oint will he reached 
at which the transmitted beam (lisa])])ear8 completely, while at the same 
binu! the spot at shows an ap])reciahl<‘ increase in brightness. Since 
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the transmitted ray OS l.aa totally disapii'-an'd, tl.e whole of th(- liKht 
incident at 0 must be in the relle.-led l.ean., Tli.. .iMfrle of iaeid.-iiee 
lOP at which this occurs is called lh(‘ cnttnil 1 aiii;'l(^ lt>r 

crown glass is 42.5°, for water 48.0°, for diamoutl 

We learn then that whni a n(f/ of lif/ht fntirUnt/^ in <tni/ 
mediwn meets another in trhich the rpeed h (/reaier, it is totaUif 
reflected if the ane/le tf inddenee is i/renter than a certain anfle 
called the critical an(/h\ 



QUESTIONS AND PROBLEMS 

1 . SiriiiH, th(i l)riglit(‘st star, is about miles away. 

If it were suddenly annihilated, how long wtmld it siiim' on h>r umV 

2. In Fig. 384 tlm j)ori.ion aetlh of tlu' sluidow is ralUul Uie umbra, 

the portions and tlu*. [xm umbra. liat 

kind of a source has no penumbra Y 

3. If the opacpiebody in Fig. 3H { is moved 
nearer to the screen (f how dot's thci penumbra 
change ? 

4 . The sun is luueh larger than tin* (*artli. 

Draw a diagram showing the shapes of tlu* 
earth's umbra and i)enumbra. 

5. The diameter of the moon is 2()()() inih'S, 
that of the sun 800,000 milt'S, and tlu' stin is 
93,000,000 miles away. What is tlu^ l(*nglii of 
the moon’s umbra? 

6. Will it ever be possible for tlu* moon io 
totally eclipse the sun from tlu^ whoh* of tlu* eurtlds Hurfuet* at t)ne(*Y 

7 . If the distanet^ from tlu^ (X'liter of llu* i*ar(h to the eeutt‘r of tlu* 
moon were exactly et^ual to tlu^ length of llu* moon's nmhra, tiv<*r liow 
wide a strip on the earth’s surfa(s^ wouhl the sun be* totally eclipsed at 
any one time Y 

8. Why is a room with whib* walls itiueh light4*r than a similar 
room with black walls? 

9 . If the word ''white.” lu* ])ainU‘d with white paint (or whiting 
moistened with alcohol) across the face of a mirror ami hehl iti tlu^ path 
of a beam of sunlight in a darkened room, In the nuddh* of the spot on 
the wall which receives the reilected beam the. word ’* while ” will appt'ar 
in black letters. Explain. 

10 . Look at the rcdle.cted image of an electric-light tilatnent lu a 
piece of red glass. Why are there two imagt'S, one r(*d and one white? 


Fun 3H4. Shmhw from 
a hroaii nource 
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11 . The earth r€',flocts sixtoon times as mnch light to thi', moon as the 
moon does to the earth. Trace from the sun to the eye of the observer the 
light by which he is able tt) s(m', the dark part of the new moon. Why 
can we not see tlui dark part of a third- 
quarter moon? 

12. If a penny is phw^c'.d in tlui bottom 
of a vessel in such a position that the edge 
just hides it frtnu vi<‘w (Fig. JiiSo), it will 
become visible as soon as wat(‘r is ])oured 
into the vessel. Explain. 

13. A stick h(‘.ld in water appears bent, as shown in Fig. 380. Explain. 

14. Should a man who wishes to sp(‘ar a lish aim high or low? 

15. A glass ])nsm placed in tlu’, position sliown in Fig. 387 is the 
most perfect rellector known. Why is it betbu' than an ordinary mirror? 


4 - 
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16, What is the jirincipal r(*flecting medium in an orditiavy mirror? 

17, Explain why a straight win^ stum obli(iue]y through a piece of 
glass ajquuu's broken, as in Fig. 388. 

18, III what direction must a fish look in ^ 

order to see the sc^tting sun? (Sec^ Fig, 381).) ^ 



Fia. 380. To an eye under water all external oh- 'Fin. 300. Luxfer 
jocts appear to lie within a cone w1u)H( 5 angle Is 07" prism glass 


19. Fig. 300 represimts a a(*.ctii)U of a platen of Luxfer 'judsm glass. 
Explain why glass of this sort is so mueii more (‘flicierit than ordinary 
window glass in illuminating the rears of dark stores on the ground 
floor in narrow streets. 


368 . NATURE AND PROPAGATION OF LIGHT 
The Nature of Lioht 

436. The corpuscular theory of light. All of the properties 
of light which have so far been discussed are perhaps most 
easily accounted for on the hypothesis that light ^6onsists of 
streams of very minute particles, or corpundes, projected with 
the enormous velocity of 300,000 kilometers per second fi'oin 
all luminous bodies. The facts of straight-line propagaiaon 
and reflection are exactly as we should expect ihein to lie if 
this were the nature of light. The facts of refraction c.;ui also 
be accounted for, although somewliat less simply, on this 
hypothesis. As a matter of fact, this theory oi. tlio natuic of 
light, known as the corpuscular theory^ was the one most 
generally accepted up to about 1800. 

437. The wave theory of light. A rival hypothesis, which 
was first completely formulated by the great Dutch physicist 
Huygens (1629-1695), regarded light, like sound, as d^foryn 
of wave motion. Tliis hypothesis met at the start with two 
very serious difficulties. In the first place, light, unlike sound, 
not only travels with perfect readiness through the best 
vacuum which can be obtained with an air pump, but it travels 
without any apparent difficulty through the great interstellar 
spaces which are probably infinitely better vacua than can bo 
obtained by artificial means. If, therefore, light is a wave 
motion, it must be a wave motion of some medium which fills 
all space and yet which does not hinder the motion of tlu^ 
stars and planets. Huygens assumed such a medium to exist, 
and called it the etlier. 

The second difficulty in the way of the wave tlieory of light, 
was that it seemed to fail to account for the fact of straight- 
line propagation. Sound waves, water waves, and all othoi* 
forms of waves with which we are most familiar bend readily 
around corners, while light apparently does not. It was this 
difficulty chiefly wlrich led many of the most famous of the 









(JUIUHTIAN IIlIYrHINH (1 n21)-J (li)!)) 

(ireat phyHlc.iHt;, matlnnuatic^iau, ami aHtroiummi* ; tlin- 

eovertul tlia rlujjfH of Haturu; iruulo imjJortaTit iinpi’ovtvrmvutH in 
the tnbHtujpo; inv(‘nt;(Ml tlm j)ini(luhim claok (l(»r)(i) ; duvolopi^i 
with marvoloim inHiglit thi^ wavo tlmcjry of diHoovanal in 

161 K) the “polarization*’ of liglit. ('I'liu fatd; of doiihlt^ rcdratdloii 
was diseovtu’od by ICraHnuis Bartholimiis in td(U), but HiiyK<uiH 
first iiotiood tlio polarization of tlio doubly rofrartod boains, and 
offared an explanation of doiiblo rofraution from tlm stamlixdnl. 
of the wave theory) 
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early philosophers, including the great Sir Isaac Newton, to 
reject the wave theory and to support the projected-particlo 
theory. Within the last Inindred years, however, this difficulty- 
has been completely removed, and in addition other properticKS 
of light have been discovered for whic.h the wave theory offers 
the only satisfactory explanation. The most important of these 
properties will bo treated in the next paragraph. 


438. Interference of light. Lit two of plato glass about 

half an inch wide and four or live inches long 1 )(‘. soparaUul at one end by 
a thin shoot of papor in tho luannor shown in Fig. Ib)l, whihi the othtu* 
end is cdaiu})o.d or hold lirnily togothor, so that a v(‘.ry thin wcdg(i of 
air exists betwoen tho plati'.s. Lot a pio.cti^ 
of asbi^stos or blotting paper be soaked in 
a solution of common salt (sodium chlo- 
ride) and placed over the tube of a Bunstm ^ 

burner so as to touch tlie flame in the ^ /v 

manner shown. The flame will bo colored ^ I W ^ 

a bright yellow by the sodium in the salt. . ^ |j .|ij 

When the eye looks at tlu^ ridlectioii of ^ |j i 

the flame from the glass surfaces, a seriijs y 

of fine black and yellow linos will be stum n 

to cross the pi a hi. ' 

wave theory oilers the fol- ly. fl 
lowing i^xphiiiation of these erfee.ts, 

Ea(jh point of tlie llame muids out 

T 1 j 1 • 1 j 1 i 1 Fio. JiUL luterfevtme.e (»f 

light waves whudi travel to the glasH waves 

plato and are iu part rellee.ted and in 
part transmitted at all the surfacc^s of th (3 glass, tliat is, at 
at JBj at C/>, and at (hhg. 391). We will consider, how- 
ever, only those reliections wliicih take iihutc at the Iavo faees of 
the air wedge, namely, at AB and CJ>. Let Fig. 392 r(‘|)rese.nt a 
greatly magnified sccition of those two Burfacos. Let tho wavy 
line as represent a light wave reflected from the surfac.o JB 
at the point a, and returning thence to tlu^ eye.. Let tlie dott(‘xl 
wavy line ir represent a lightwave rolhuded from the surfae.e CD 


Fio. SUl . lutorfcvtuuuj (»f 
light waves 
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at the point i, and retnrniiiK theiu>(*. l.o tlif Similarly, lot, 
all the continuous wavy linos of tin*, li.^niv ivpivsiMit linhl, 
w;aves reflected from difforont points on Ah* to tlu'. t‘y(S und 
let all the dotted wavy lines n'lnnsiMit wa.V(‘s ivtli‘otcd From 
corresponding points on O.D to tlu‘ t‘ye. Now, in [)rt*ois(dy the 
same way in which two trtiius of sound 'Wuxt^s lioui two tim- 
ing forks were found, in the c‘X[)t‘riiiu‘ntp illust rut-iiig Ix'iUs ( sih' 
§ 407), to interfere 
with each other so 
as to produce silence 
whenever the turn 
waves corresponded 
to motions of the air 
particles in opposite 
directions, so in this 
experiment the tw ( ) 
sets of light waves 
from AB and O/) 
interfere wdtli oatdi 
other so as to pro- 
duce darkness wdicj*- 
ever these two Avavc^s 
(jorresj^ond to mo- 
tions of the light-transmitting nuMlium in uppositi’ ilircctiniis. 
The dark bands, then, of our (^xperinuMit an* simply the plius's 
at which the two beams reflected from the two stirfaei's of 
the air film neutralize or di^stroy cnudi other, whilt* (lit* light 
bands correspond to tlio platu's at whitdi tlu^ l.wo b(‘!imH retau 
force each other and thus produe.e illumination <if douhlc 
intensity. 

Now the condition for destructive intindVrenee in obvitnisly 
that the wave which passes through the film and is ndlts’ltsl 
from any point on CD, such, for exam])lt% m /, shall njiurn to 
AB, after its double passage througii the lilm, in the ecmclitiou 



iHtfv/rtrnvf 




n'ihi/orrtuHt'nf 
hitt'vft'iuuifr 


Kiu, Seti. Kxplatuitioii urinniuiUnuiif tlai’ktuul 

liglit, IjiluiIh liy nf wav<*N 
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ox phase of vibration which is exactly opposite to that of the 
wave which is being reflected at that instant from the corre- 
sponding point on AB^ namely from a. If this condition occurs 
at a, it must occur again at a point c enough farther down the 
wedge to make the double path through the film just one wave 
length more, and again at e where the double path is tAvo wave 
lengths more, etc. In other words, the dark bands ought to 
follow one another %t equal intervals down the wedge, pre- 
cisely as we observed them to do. Between each two successive 
points of interference there must, of course, be a point like 5, 
cZ, /, or /i, at which the waves reflected from the two surfaces 
unite in like phases and therefore reenforce each other. This 
phenomenon of the interference of light is met with in many 
different forms, and in every case the wave theory furnishes at 
once a wholly satisfactory explanation of the observed effects ; 
while the corpuscular theory, on the other hand, is unable to 
account for any of these interference effects without the most 
fantastic and violent assumptions. Hence the corpuscular theory 
is now practically abandoned^ and light is universally regarded 
hy physicists as a form of wave motion, 

439. The ether. We have already indicated that if the wave 
theory is to be accepted, we must conceive, with Huygens, that 
all space is filled with a medium, called the ethcr,^ in which the 
waves can travel. Tliis medium cannot be like any of the 
ordinary forms of matter ; for if any of these forms existed in 
interplanetary space, the planets and the other heavenly bodies 
would certainly be retarded in tlieir motions. Asa matter of 
fact, in all the Inindreds of years dui'ing Avhich astronomers 
have been making accurate observations of the motions of heav- 
enly bodies no such retardation has ever been observed. The 
medium which transmits light waves must therefore have a 
density which is infinitely small even in comparison with that 
of our lightest gases. The existence of such a medium is now 
universally assumed by physicists. 



362 NATXJR^l AND PEOPAGATION OF LIGHT 

Furtlicr} in or(i6r to accouiit for th.6 tradisniissioii of lig’lit 
through transparent bodies, it is necessary to assume that the 
ether penetrates not only all interstellar spaces but all inter- 
molecular spaces as well. 

440. Wave length of yellow light. Although light, like sound, is a 
form of wave motion, light waves differ from sound waves in several 
important respects. In the first place, an analysis of the preceding experi- 
ment, which seems to establish so conclusivejy the correctness of the 
wave theory, shows that the wave length of the light waves used in 
that experiment is extremely minute in comjiarison with that of oi di- 
nary sound waves. Thus, suppose the air wedge was 10 centimeters long, 
and that the upper edges of the glass strips were in contact, while the 
lower edges were held apart by a sheet of paper .03 millimeter thick. 
Suppose, further, that the black bands were found to be 1 inilliineter 
apart. Now, since the air wedge is 100 millimeters long, the difference 
in its thickness at two points such as a and c (see Fig. 302), 1 milli- 
meter apart, must be .01 of its thickness at the base, that is, yj-y of 
.03 millimeter, or .0003 millimeter. Since it is the douUe path throiigli 
the air wedge at c which must be exactly one wave length longer than the 
double path at a (see § 438), we see that the difference in the thicknessoH 
of the wedge at c and at a must be ^ wave length. Hence the wave length 
of yellow light must be 2 x .0003 = .0006 millimeter. Careful measure- 
ments by better methods give .000589 millimeter as the correct valium 

The number of vibrations per second made by the little particles whic.h 
send out the light waves may be found, as in the case of sound, by 
dividing the velocity by the wave length. Since the velocity of light is 
30,000,000,000 centimeters per second and the wave length is .OOOOl^ 
centimeter, the number of vibrations per second of the x>ar bides which 
emit yellow light has the enormous value 500,000,000,000,000. 

441. Wave theory explanation of refraction. Let one look ver- 
tically down upon a glass or tall jar full of water and place his finger 
on the side of the glass at the point at which the bottom appears to luj, 
as seen through the water (Fig. 393). In every case it will be found 
that the point touched by the finger will be about one fourth of the 
depth of the water above the bottom. 

According to the wave theory this effect is due to the fact 
that the speed of light is less in water than in air. Thus 
consider a wave which originates at any point F (Fig. 394) 
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beneath a surface of water and spreads from that point with 
equal speed in all directions. At the instant at which the front 
of this wave first touches the surface mn it will, 
of course, be of spherical form, having F as its 
center. Let aob be a section of this sphere. An 
instant later, if the speed had not changed in 
passing into air, the wave would liavc still had 
F as its centiU', and its form would have (‘.oin- 
cided with the dotted line so drawn that 
acy oo^y and hi aiH^ all equal. Ihit if the velocity 
in air is (freater than in water, then at thci 
instant tu^iisidiired tlie disturbance will liave 
reached some point instead of (\y and hence Li<i. 808. Appar- 
the tmuirging wave will actually Jiavo the form 
of the heavy lino co,^d instead of the dotted line ’ ^ator" 

co^d. Now this wave ao,^d is more curved than 
the old wave aohy and lieiicc it has its center at some point P' 
above F. In other words, tlie wave has bulged upward in 
passing from water into air. Therefore, when a section of 
this wavci enters tho eye at .P, the wave appears to originate 
not at F but at for tho light 
actually comes to the eye from 
F' as a center rathen* than from 
J\ \Vi) (ioiKdude, therefore, 
that if ly/ht travclH dower m 
water than in aivy all ohjects he- 
neath the Hurfaae of toaier ouijht 
^ to appear nearer to the eye than 
they actually are. 'I'his is pre- 
cisely what we found to he the ^iuprostmtiug a wavo 

. , , iinioru;iuK from water into air 

case.m our oxpornnent 

Furthermore, since when the eye is in any position other 
than Fy for exatnple Ffy tlie light travels to it over tho broken 
path FSE\ tlio construction sllo^v^H tliat light always bent 
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away from tlie perpoiulicular when ifc piiHHtis obliquoly into a 
medium in which the speed is greater. H it had passed into 
a medium of less speed, the point; r would (‘.videutly have 
appeared depressed below its natural position, and henee tlie 
oblique rays would havc‘. appc'.anul to bi‘. bi^nt hneard the 
perpendicular, as we found in 484 to be. the. ease. 

442. Ratio of the speeds of light in air and water. 4'he last 
experiment not only indiiaites (pialitatively that the spetul of 
light is greater in air than iu watiu*, but. !l. Iul’nislu^s a simple 
means of determining tlu^ pretasi*. ratio of tlu*. two spiuuls. 44ms 
in Fig. 394 the lino represtaits just lu»w lar tlu^ wave travels 
in air while it is traveling the dislanec^ ac ( in water. 

Hence — ^ is the ratio of tlu^ speeds of light iu air and in water. 

Now it may be shown that when tht^ are vod is huuUI, a con- 
dition which is iu general nnilr/uMl in expei-inuaital work, 

is equal to — • Huti in our (‘Xperinuud. \vi'. found that 
00^ or 

the bottom was raised one fourtb of the dtq)tli ; tliat is, that 
0 P 4 

I'ouchide, therefore, tliat light travtds three 

oP^ 8 

fourths iis fast iu waUu' as in air. 

The fact that the value of tins ratio, as d(4.ernuned by this 
indirect method, is exactly the same as that ft)iin(l by Foucault 
and Michelscni, by direct measurement (§ 480), furuisheH one 
of the strongest proofs of the (K)rrtu4.miHH of llu^ wav(‘. theory. 

^For an tlin wavo goeHtbrouKH tbo Hurbu't' at. o Hh (‘m'vaitiro rhaugt’H frutn 
that of an aro which has itn centtu* at P to that of an arc wlhch luta Ita centta’ 
at P', Now tlio cmwaturcH of thcnc two area arc by thUlnltlon th« rcclrrocala of 
t 1 

thoirmclli; that In, they arc and vcspcctlvcly , 'rhe natumUicHH of thla 

definition may be scon from tins fact that If at a point like o one arc la curving 
twice as fast as anotlior, It is evident tliat this mt'aim merely lhat its renter la hut 
half as far away ; that is, tlie curvatures of the two ares are inversely proportional 
to their radii. But so long as the ares coid and co^d are very short, their curvatures 
are also directly jiroportlonal to ooi and oo ^ ; that is, they are proportional to the 
amounts by which those two curved lines depart from the straight line ood. 
Bence ooi/odli’™ oPVoP. 
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44:3. Index of refraction. The 7'atio of the speed of light in 
air to iU speed in miy niediuon is called the index of refi'action 
of that meduim. It is evident that the method employed in 
the last paragraph for determining the index of refraction of 
water can be easily applied to any transparent medium whether 
liquid or solid. The. refracitive indices of some of tlie commoner 
substances arc as follows : 


Water 1 .HS (Irowii glass 1.68 

Alcohol 1 .86 Flint glass 1.67 

'rurpontiiic 1.47 Oiainoncl 2.47 



0 ) 


444. Light waves are transverse. Thus far we liave discov- 
ered but two di(foreni*('.s between light Avaves and. sound waves ; 
namely, tlui former uro disturbances in the ether and are of 
ve.Ty sliort wave length, while the latter are disturbances in 
ordinary matter and are of relatively great wave length. There 
exists, however, a further radical difference which follows 
from a capital discovery ^ 

made by Huygens in tlui 
year KiOO. It is this: 

While sound wav(\s (con- 
sist, as we have alrtuidy 
s(Hm, of longitudinal vi- 
brations of the })artieh^s 
of tlui transmitting m(‘,- 
dium, that is, vibrations 
bac.k and forth in tla*. 
line of propagation of tlu‘, wave, lightwaves are like the water 
waves of Fig. 349, p. B1.9, in that they consist of transverse 
vibrations, that is, vibrations of the medium at right angles to 
the direction of the lino of propagation. 

In order to appriuuate the difference between the behavior 
of waves of these two typ(‘.s under certain conditions, conceive 
of transverse waves in a rope to be made to pass through two 
gratings in succession, as in Pig. 895. So long as the slits in 


Q 


Fkj. 8D5. 'rraiiverHC waves passi/ig 
through slits 
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both gi'atings £U '0 piU’tillcl to tlui pliiiio ol \ibiiition of tho 
hand, as in Fig. 395, (1), tho wavtvs can pius.s (hroogh tluan 
with perfect ease; but if the slits in tlu\ (Irst grating /' arc 
parallel to the direction of vibration, whiUi lliosi' of l.lm second 
grating Q are turned at right ungUis to (his (lirt'ctiun, as in 
Fig. 395, (2), it is cvi<l(ni(. that tlu! wave.s will pass naidily 
through P, but will be stojjpi'.d eoiniileU'l.y by Q, as shown 
in the figure. In other words, tbese 
gratings P and Q will let (hrougli 
only such vibrations as are pai'al- 
lel to the direction of their slits. 



t«}. .'iun. 'rtiunnaliiiH toiign 

(>r a l-rauHV(»rH(‘ 


luul a[)pr<)a(^lii('.<l 


If, on the other hand, a Inngilndinal IwHiviU 
wave — such, for exaiuphs as a sound wavt^ * ■ 
such a grating, it would liavt‘. been as nuieli (ransiniUed in 
one position of the grating as in anollun*, siuct* a hHind-fro 
motion of the particles (uiu evithnillj pass thrtmgli Wus slits 
with exactly the same eas(^ no matim’ liow llu^y am lurned. 

Now two crystals of tourmaline an^ found (o lu'luuu^ witli 
respect to light waves precisely as the two gratings behave 


with respect to the 
waves on the rope. 

Let one such crys- wMimnmHiiii t 
tal a (Fig. 39G) be held 
in front of a small hole 
in a screen through 807, Light \n\m- Fiu,3UH. Light tnit oil 

which a beam of sun- Uipj through tounnaliuo by cuikhcuI touniialinu 
light is passing to a crystals cryntalM 

neighboring wall ; or, 

if the sun is no-t shining, simjily h‘t tlm crystal be held between tlm eye 
and a source of light Thu light will be readily transmitbuh altlurngh 
somewhat diminished in intensity, 'riien let a m'cond crystal b be held 
in line with the first. The light will still be transmitted, praridrd thv. 
axes of the crystals are. parallel^ as shown iu Fig. 397. Wlum, however, 
one of the crystals is rotated in its ring through lUr (Fig. 39H), the 
light is cut off. This shows that a crystal of Umrmalim*. is ca[mble of 
transmitting only light which is vibrating in omt particular plane. 
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From this experiment, therefore, we ai*e forced to conclude 
that light waves are transverse rather than longitudinal vibrations. 

The above experiment illustrates wliat is technically known 
^ as the 'polarization of lights and the beam which, after passage 
through a, is unable to pass through h if the axes of a and 
h are crossed, is known as a polarized beam. It is, then, the 
phenomenon of the polarization of light upon which we base 
the conclusion that light waves are transverse. 

445. Intensity of light. Lot four oandles he sot as close together 
as possible in such a position B as to cast upon a white screen C, placed 
in a welhdarkeiuHl room, a shadow of an opaque object 0 (Fig. 390). Let 
one single candhi be plac(Ml in a 
position A sucli that it will cast 
another shadow of 0 upon th(‘, 
screen. Sincej light from A falls 
on the sliadow cast by /i, and 
light from B falls on the shadow 
cast by A, it is clear that the 
two shadows will appear e<[ually dark only when light of equal in- 
tensity falls on each; that is, when A and B produce ecpial illiimma- 
tion upon the screem. Let tin*. ])ositions of .1 and B be shifted until this 
cu)udition is fulhlled. Then lot the distances from B to C and from A 



Kku 4()(). Proof of law of iuverHO squares 


to (J be uKuiHured. If all fivi^ candles are burning with flames of the 
same size*, tlu‘. first distancii will be found to be just twice as great as 
die second. II(mc(^ the illumination producuul upon the screen by each 
one of the candles at B is but one fourth as great as that produced on 
the screen by one c^indlti at /I, one half as far away. 

The above is the direct experimental proof that the intensity of 
light varies inversely as the square of the distarica from the source. 

The theoretical proof of the law is furnished at once by 
J^hg. 400, for since all tbo light ^vhich falls from the candle Z 



Fio. 899. Uuniford’s photometer 
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oil A is spread over four tiuu‘-s as large an area when it reaehcvS 
B, twice as far away, and over nine times as large an area 
when it reaches G, three times as far away, obviously the i/h 
lermtws at B and at G (*au he hut om^ foiirih and oiui ninth 
as great as at A. 

The above metliod of ('.omparing ex.perinu‘u tally tht‘ inten- 
sities of two lights was first iiscal by (U)unt Kumford. The 
arrangement is therefore ealltul the BiUfiJhrt/ pkotuinvter (flight 
measurer). 

446. Candle power. The last expm’inumt furnislu^s a method 
of ('.omparing the Hf/lit-mdUuif/ pofrcnf of various sourtn^s of 
light. For example, sup])os(‘, that the four eandU's at B are 
replaced by a gas flame, and that for th(‘. (‘ondition of e<[ual 
illumination upon tlu^ scunum the two distaneivs /)'Gand .‘D/ari' 
the same as above, namely 2 to 1. Wt‘. should i-lum know that 
the gas llame, wlii(‘,h is able to produe.t'. tlu^ saim^ illumination 
at a distance of two (e(‘.t as a e.andh^ at a distance of one foot, 
has a light-emitting power (‘([ual to four candles. In gtmeral, 
then, the caudle power of any two sources which ])ro(hu'(‘. e<pial 
illumination on a givim se.rium are dirvHlj/ propordftnal la the 
Hqu(mis of thr. dufdnre,^ of the fro)n tho i^orvvn. 

It is customary to express tlui iniimsitic^s of all sourei's of 
light in terms of eaudU^ power, one eandlc* [)ower being defimul 
as the amount of light emithul by a sp(n‘m (nindU^ J ine.h in 
diameter and burning 120 grains (7.77(> grams) per hour. 'I'lie 
candle power of an ordinary gas ilanu*. hunuug f) euhi(‘. hict 
per hour is from !(> to 25, deptmding on the (piality of tlu*. gas. 
A Welsbacli lamp burning 3 (rnhitJ hiot per hour has a (uindle 
power of from 50 to 100. Most imunubscumt (de(?lri(5 lamps 
which are used for domestic', purposes are of 1(1 eandlc', power. 
The average arc light has a e.amllo power of about 500, 
although when measured in the direeXion of greatest intensity 
the illuminating power may be as great as that of 1000 or 
1200 candles. 
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447. Bunsen’s photometer. Let a drop of oil or melted paralliii be 
placed in the iniddlti of a sh^et of inig'lazed white paper to rmider it 
translucent. Let the paper be held near a window and tlie side (uviuf 
from the window observ(Ml. The oiltid spot will ap])ear lujhter than bbe 
rciuiainder of tlu^ pa])(n'. 'rinm let the paper Ix' held so that the side 
nearest the window may be seen. '’.Fhe oiled sj)ot will a])]>ear darker 
than the rest of the ])a])(*r. W(j hiarn, tluuM'fort', that irhen the. paper is 
riewed from the. side, of (j renter illunwiatiou^ the oiled spot, appears dark : 
but 2 vhen it is viewed from the side, of lesser illumination, the spot appears lujht. 
If, then, th(J two sid(?s of th<i t>aper are e<(nally ilhnninate<l, th(‘ spot 
ought to b(‘. of the sam(‘. brightm^ss 
when view(Ml from either sid(‘,. Led tlu'- 
room be darkened and the oiled pap(u* 
placed between two gas llauuis, two elec- 
tric lights, or any two (*.(pial so\irces of 
light. It -will he ohBevved that wh(!n iri,i.401. BunsiinVs plioUmu^ter 
the pap(*,r is Indd c1os(‘t to on(‘. than tin*. 

other, the spot will appear dark when viewiuL from tlui sidti m^xt the 
closer light; but if it is them mov<‘d until it is n(‘ari*r th(‘. oth(‘r soiur.e, 
the spot will changi^ from dark to light wlnm vi(‘\ved always from tlie 
same side. It is always jjossibh'. to liiid some. jiosHlou for the oiled 
paper at which the sp(»t (Fith(‘r disapp(uirs altogtdher or al. h'ast appears 
the same when vi(*.wtHl from (utlun* sid(^. 'I'liis is th(‘ posii.iou at whicdi 
the illuminations from the two sources an*, (‘([tiab Ibnnus to (ind tin* 
c.audh^ power of any unknown source it is tmly ne.c(‘.ssary to set up 
a catidh*. on oiu*. side and tin*, unknown soiirc.(i on tin*, otlun*, as in 
Fig. -lOl, and to move tlui spot .-I to tin*, position of e,(pml illmniuation. 
The candle i»ow(u* of tlui unknown sounx* at f^will then lx*, tin*. s<piar(*. 
of the distamx^ from (1 to .‘I, dividcxl by tlx*, squats*, of tin* distaiux* 
from B to 

This arrangement is known as tin*. .Bunsen pkoUnne.ier, 

QUESTIONS AND PROBLEMS 

1. What is the speed of light in wat(‘r? (Indc^x of ndnurtion 
is l.IFb) 

2. Will a h(*aHi of light going from wat(‘r into flint glass he. b(*nt 
toward or. away from tin* ])(*rp(mdic\ilar drawn int-o tin* glass? 

3. If the wedge-Hhaj)ed lihn of air in Fig. iU)I we.rt*. re.phuu'd by water, 
would the distance between successive fringes Ixi greatm* or less than in 
air? Why? 

t 
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4 . When light paasew obliquely from air into carbon birtulphidc it in 
bent more than when it paaaeH from air j!uto water at tlu^ wame angle. 
Is the speed of light in carbon biHulphide gri‘ater or less than in water? 

5 . Does a man above the surfaces of water appear to a lish be.low it 
farther from or ne.ann* to the surfatu;- than he actually is? 

6. How far from a screen must a ‘l-caudlc.-power light b('. placiul to 
give the same illumination as a lU-candhvpower ehMdirie. light m. away? 

7 . A Bunsen photiimcder placed b(‘tw(‘(‘n an arc light and an im^an- 
deacent light of d2 candle ])OW(‘.r is equally illuminated on both Hitles 
when it is 10 ft. from the incau(li‘scent light and ft, from tlu^ arc 
light. What is tlu^ candle j)owe.r of tlu‘ art*. V 

8 . A 5-caudle>power and a 0()-candhvpt)W(‘r stnirct^ of light are 2 m. 
apart. Where must the oiled tlisk of a BuuHen photometer bt^ placed in 
order to be equally illuminated on the two sides by them ? 

9 . If the sun wtu’t^ at the distance of tlu^ moon from th(\ earth, in- 
stead of at its pr(‘Hent distance, how mue.li strtmgtu- would sunlight he 
than at present? The moon is 240,000 mi. and the sun 00, 000, 000 mi. 
from the earth. 

10 . If a gas flame is 800 cm. from tlu* screen of a Hum ford pliotom- 
eter, and a standard candles 50 cm. away gives a s]uLd(»w of ecpml in- 
tensity, what is the candle power of the gas flame ? 


CHAPTEE XIX 


IMAGE FORMATION 

Imachcs formed by Lenses 

448. Focal length of a convex lens. Let a convex lens be held 
in the path of a beam of sunlight which enters a darkened room, where 
it is made plainly visible by means of chalk dust or smoke. • The beam 
will be found to converge to a focus F, as shown in Fig. 402. 

The explanation is as follows: The waves from the sun 
or any distant object are without any appreciable curvature 
when they strike the lens, 

that is, they are so called jjjjj ^ uTTnH 

plane waves (see Pig. 402). Ipl|| 

Since the speed of light is 

hm ill glass than in air, F^ndioc^l 

the central portion ol: these 

wav(‘,s is retarded more than tlie outer portions in passing 
through the lens, llcnco on emerging from the lens the 
waves arc coiuiavo instead of plane, and close in to a center 
ov fomis at F. 

A second way of looking. at the phenomenon is to think of 
the rays ” which striker the lens as being bent by it, in ac- 
cordance with the laws given in § 484, so that they all pass 
through the point /d 

The distance OF from the center of the lens to the point at 
which incident plane waves (parallel rays) are brought to a 
focus is called tiie focal length (/) of the lens. 

The line througli the middle 0 (the optical ceMer) of the 
lens, perpendicular to its faces, is called the principal ctods, 

n7i 
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T\u) pohii al whirh ravs pamllrl In t-lu‘ principal axis a\ 
brought to a focus is calK'd llu‘ /iruiri/xd 

Tlio plaiu‘- (Kig. in which plant* witvt\s (paralh 

rays) c.oiuiug it» (lit*. l(*us (roiu vslightly (lilU*i*(‘nt directions, \ 
from the. toj) and bottt)iu of a 
dis(-ani) houst^ ail have, thtur 
foci A'h F^\ cdt^. is calked tlu*. 

Jv(ud plane of the k‘us. 

Since the c.nrvaturt^)!' any ^ i , . i 

, _ , , , . Ku;, ‘K^U. I' tu'ul ]»lunt' t‘t \i otaivcK W\ 

arc IS deiuuHl as ihti recipro- 
cal of its raditis (set*, footnote, p, 3(tl ), the ciirratare adilch a Ivn 

iaipreitHeii <ai. an uuddenl plane autee in etpad iti * Mort‘over, n 

matter what tla^ curvature of an incidt'Ul wavt* may bt*, th 

Icnn will ahnaj/H ehanpe (he eareature h/j (he Htune anaa(n(^ 

lid. tlu*. f(W‘ai td a cuiivpx Ii'HH lie aoiMimUdv tidi‘rjniai‘tl ]> 

HN'aHUviii^^ tlui (linUuicn from the inittllt*. cf the ii‘n.s In Uir Innij^c nf 
(liHl-ant 


449. Conjugate foci. If a point sourtu'. of light is phua^d a 
A’ (Fig. 402), it is olwitms that the light wbit*h goes througl 
tlic lens must oxac*.tly roiraco its fornu*r path; that is, its wave* 



ITio. 404. Conjugate foci 


will bo remdored plane, or its rays parallel by tlu^ lens. IhU. i, 
tliG point source? is at a distance /(, greater thauy* ( Kig» 4()4 ) 

then the waves upon striking tlu? lens luivu*. a curvature 
(since the curvature of an arc, is (h'fmed as tlu? reciprocal of iu 
radius), whie.h is lc?ss than t.lu'ir forint*!* eurvat.un*, y.. Since the 
lens was able to subtract all tlu? (curvature from waves coming 
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from F and render them plane, by subtracting the sanui 
(‘.nrvature from the Hatter wavers from P it must render them 
c.onc.ave; that is, tlu^ rays after passing tlirougli the lens are 
converging and intersect at If the source is placed at P', 
obviously the rays will nuict at l.\ The points P and P' arc 
called eonjiigate foai 

450, Formula for conjugate foci ; secondary foci. The rela- 
tion between tlui distances of I* and P'froni the lens is obtained 
at oiKio from the (ionsideratiou tluit the c.urvature wliicli the 

wave has after it gets through the lens, namely ^ , is the diL 

ference between the curvature impressed by the lens, namely 

and that whi(‘h the wave had when it roachod the lens, namely 


•; that is, 


1 1 . ^ 1 

— , < or — - 

/> I> />. 


If then tlu^ last e{|uation s1k)\vs that both and />, 

are ecjual to 2^/‘, 

The two conjugabi foc.i N and A' whiidi are at c-ujual dis- 
tauc-t‘.s from tlio lens arci (‘.ailed ilu', i/iiuuiiulari/ find, and thc^ir 
distancA^ from the hms is twice the \\>ml (listan(*,(‘,, 

451. Images of objects. Lc.t a candt^ cr t‘l<ud,ri(vri|>flit Imlh lx* 

placed l)(‘tw(‘.«*u the priiuripal I’ociUH F and Uu^ Hee.otidavy foe, us S all JHl 
(Pig. 40%^)), and Ie4i a wuHinii Ix^ })la(U‘d at Au (udarge.d inverted 

image will he seem xipoii tlie scmui. 

Fi(J. 405. Forniatiou of a real image hy a lens 


This image is forumd as follows: All the light which 
strikes the l(ms from the poiid/P is brought together at a 
point P'. The location of this images P' must be t)n a straight 



line drawn from F tlirongli ('\ for any ray iiassing through 
Cwill remain parallel to its original ilireotion, since tlic- por- 
tions of the lens tlmmgli whu'.h it eiiU'rs ami leaves may ln« 
regarded as small parallel jtUuu's (s(*e ^ 'I'M ). 1 lie inuige 

P'Q'is, therefore always formed liel weeti tlie lines drawn from 
P and Q through 0. If the focal length./’ and tlie distance 
of the objeut i->„ are known, the distance of (he. image //, 
may be obtained easily from formula ( I ). 

The position of the image may also he found grajihically as 
follows: Of the cone of rays piussing from /* to the lens, that 



’Flu. 40(5. Hay nuithod of couHtinirting 


ray whicli iw parallel to tlu^ principal axin iuhhI* Uy § 448^ 
pass through tho principal fmdis 4’hi' intcmcrtiun nf \\m 
line with tho ntraight lino through T locates the itnngc P* (hoc 
Fig. 40(5). Q', tho imago of in locatinl similarly. 

462. Size of image. Hinoo tho huag(H atul object arc ahvayn 
between the intorHoc.ting ntraight liiu»H /*/*' mnl Uiu 

similar triauglos and hIiow that 






that is object Distance of object from lens 

’ Length of image ilistauce of image from lens* 

It maybe seen from Fig. 40(1, tvs well as from fornmlius (I ) 
and (2), that 

1. When tho object is at A' tho imago is at -S", and imago 
and object are of tho same size. 

2. As the object moves out from A’ to a groat distance the 
image moves from A" up to P', bueoming smaller and smaller. 


T. ^ V-lav/ V-^Ai4V-/X 0 JkJlXg vv w* V wo iAiXlLf J^aCl^lAW 

(tlio (.unergin^ rays are parallel), and no real image is formed. 

453. Virtual image. We have seen that when the object is 
at F the waves after passing 
through the Ions are piano. If, 
then, the object ivS nearer to the 
lens than the emerging waves, 
although redu(‘,ed in curvature by 

an amount will still be eonvex, 

J 



Fxa. 407. Virtual image formed 
by a convex lens 



. 408. Hay method of locating 
virtual imago in convex lens 


and if rc'.ccivod by an eye at F^ 
will appear to come from a point F^ (Fig. 407). Since, however, 
th(‘.re is actually no source of light at P', this sort of image 
is called a virtual imatfe. Such ^ 
an image cannot be projected 
upon a screen as a rc.al image 
can, but must be observed by 
an (',yc. 

The graphical location of 
a virtual image may be ac- 
complished prec.isely as in 
ihi) c.ase of a real images (§ 451). It will be seen that in 
this c.ase (Figs. 407 and 408) tha ima</e in enlarged and erect, 

454, Image in concave lens. When a plane 
wave strikes a coucuive Itms it must emerge 
as a divergent wave, since th(', middle of the 
wave is retarded by the glass less than the 
edges (Fig. 409). The point F from which 
plane wavcm appcuir to (iomo after passing 
throiigli siu^li a lens is the principal focuis of 
the lens. For the same reason as in the ease of the convex 
lens tl’ie ('cnlers of the transmitted waves from P and Q 





Fio.400. Virtual 
focus of a con- 
cavo Iona 
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(Fig. 410), that i«, the images /•' and f/, nm.st lie uj.o.i th,- 
lines PC and <i?C, and siiuu-. the curvature is iiirreasfd In Ihn 
lens, they must lie closer to the lens Hum /’ and (,>. l-ig. 1 In 



Fid. 410. in a. aoncavi* Ions in onnrii\r Ions 

sliOWvS the way in which sucli a hni.s I’nnus an 1'lus 

image is always vlHiati, ton! 'Flid gmiihicul 

method of loi^atiug image is shown in I*ig. Ut. 


iM.UiKS IN Mfininiis 

455. Image of a point in a plane mirror. We me all htuiilmr 
with the (W.t that to a.n (‘Ve at. IC ( Kig. 1 1 :i n Itniking into a 
piano mirror mn, a pmunl point, at. /’ appears to he at Home 
point .rMndiind lh(‘ mirror. We are ahh* in the lahorutory to 
find exporimeuUlly the, (^xa(*t. 
location of this imag<'. with 
respect to F and ilic mirror, 
but we may also obtain this 
location from theory as fob 
lows: Consider a light wav(‘ 
whicli originaUiS in the point. 

P* (Fig. 412) and Hi)r(uids in 
all directions. L(*,t aoh he. u 
section of the. wav(i at tla* 

instant at which it I’eaeluhs rrtlrrtint foim a 

,-1 n , • . phmr MUfurf 

the renectmg snrliuu^ mn. An 

instant later, it there wen^ no !‘elle<‘ting surfHets the wavt* 

would have reached (lie posiUmi of Mie /lotted liiu. 
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Since, however, reflection took place at mn, and since the 
reflected wave is propagated backward with exactly the same 
velocity with which the original wave would have been prop- 
agated forward, at the proper instant, the reflected wave must 
have reached the position of the line co^d^ so drawn that oo^ 
is equal to Now the wave co^d has its center at some 
point P', and it will be seen that P^ must lie just as far below 
mn as P lies above it, for co^d and co^d are arcs of equal circles 
having the common chord cd» For the same reason, also, P' 
must lie on the perpendicular drawn from P through onn. 
When, then, a section of tliis reflected wave eo^d enters the 
eye at P, the wave appears to have originated at P' and not 
at P, for the light actually comes to the eye from F' as a 
center rather than from P. Hence F' is the image of P. 
We learn, therefore, that the image of a point in a plane 
mirror linn on the perpend^ionlar drawn from the point to the 
mirror^ and is as far hack of the mirror as the point is in 
front of it 

456. Construction of image of object in a plane mirror* 

The image of an object in a plane mirror (Fig. 413) may 
he located by applying the law 
proved above for each of its 
points, that is, hy draioing fi^om 
each jpomi a 2 ^crpendicular to 
the refiectmg surface^ and extend- 
ing it an equal distance on the 
other side. 

To find the path of the rays 
which come to an eye placed- 
at E from any point such as A of the object, we have only to 
draw a line from the image of tins point to the eye and con- 
nect the point of intersection of this line with the mirror, 
namely 0, with the original point A. ACM is then the path 
of the ray. 



IfiG. 418, Construction of image 
of object in plane mirror 
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a {’audit' • 11 * 1 ) h«’ plarM**! {‘XiH’lly a.s far in frtuii of a pauo of 

window jLClasH us a bolMo full of water is ludiitul it, imth nhjt'rts liriuii^ 
on thti saiuu prriuunlirular ilrawii 
tho glass, 'riit' cantllt* will Jipiu'ar \o lu‘ 
burniTig iusitlt^ Uu* water, 'riiis t*\[ilaius 
a lai'ge rlass td faiuiliar opUral ilhisituis, 

Hucdi as *’ Uk* (igun^ suspi’Uib’d in inicbuir,’* 
tho '‘bust (d a iku'hou wiMuuit a trunk,*’ 
tlu'. "atagi' ghost,** rtr.. lu tlu' last (‘asi' ti\i* 
illusion is produtu'd by rauHiug tlu^ auduuua* 
to look at tho aotors olditiuoly through a 
shoot of vary o,h‘av plato. glass, th{^ odgt's of 
whhdi aro oono-oalod by drajM'rh’H. Inmgos t»f stnuigly illuiuiuatisl tiguros 
atono side thou appoar to tho audiou(M‘ to bo in tho mhlHttd Iht* uotors, 

457. Focal length of a curved mirror half itB radius of curva- 
ture. Tho oflVel. of a t'onvox mirror on phum waves ineitlenl upon 
it is shown in Kijr, *115. "‘flu' wave whieli wtmltl at a given in- 



h'ui 


, -t bb Position of images 
iu a ttlaiu' udn'or 


Hiant havo htuui at in at wdien 
from whitdi tlu^ 


'Plut eentt^r F 


wavoiS apptnir to 
coino to th(5 ('.yo 
is tUo fon(H 
of tlu^ mirror. 

Now HO long 
an tlio aro rod is 
Hiuall (‘urva- 
turo may, witli- 
out apprcuhabli^ 

(wror, bo mtuiH- 

urod by o^o footnotes p 

of tho curvod lino mi from 



•r 


Fna 41f). 


UathH’tien cd a plane wave from a 
convex niimu' 


JU)4); Uiat i«, by tlu' (li‘jiartun> 


Ui« Htraighl. Him rnji. Siiu-o 


1 I 

was tniulo equal lo oo , we have o n 2 n n ; tliiit w, the eurvo- 

X "* • « • 

turn - of tho rofloe.ttul wavi^ in (upiul tt) twiee tho eiirvatun^ 

J , /i* 

of the minw, uv / ♦ In oilier wortln, the f ami Iruffth a/ <t 


mirror in eepinl to one half itn rndiun. 
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458. Image in a convex mirror. We are all familiar with 
the fatit that a convex mirror always forms behind the mirror 
a virtual, cn’cct, and di- 
minished image. The 
reason for this is shown 
(de.arly in Fig, 41(5. The 
image of the [)oint P 
lies, as in plane mirrors, 
always on the perpeii- 

dieiiUir to the mirror, Init CuuHtruction of image in a con- 

• 1 vex uuiTur 

now uetiessanly nearer 

to the mirror than tlu 3 focus F\ since the mirror has increased 
the cairvatur(3 of the rellceted waves by tm amount equal to 



The image P^ (/ of an ob- 

j(‘.ei PQ is always diminished 
bocauHo it lies bebwcnm the 


converging lines PO and 


Q(\ It (uui be ]o(*.aied by 


the ray method (Fig, 417) 



Ekj. 417 


e.xm*.tly as in thc^ erase of eon- 

cave. lensc,s. In fact, .a convex mirror and a concave lens have 


(^xaclly tlu‘. same optical proi)crties. I'liis is because each always 


the curvature of 
the tncidcut wuveH hj an 

amount - / 

1 


459. Images in concave 
mirrors. Let tlm imag(‘H oh- 
tainalili^ with a concave mirror 



ho HUiditnl prctuHcdy an wt^rt^ 418, imago of candle formed 

thorns obtainahhi from a convex by a concave mirror 

Urns. It will ho found that ox- 

ac.tly the fiamo of imagcH is obtained; that is, when the object is 

between the mirror and the principal focus the image is virtual, enlarged, 


lMA(iK b'oKMATION 


im 

and onH’t. WIh'u it. in at. Iho f<»'us tin* rrflcrttMl wavtss ar<' plauf*; that, in 
lrli(* rays iVoin (*a(‘U point, art* a paralh‘1 luiiulh'. W’ln'ii it i.n hrlwctai t in 
priiaupal t'oous and tht* contiT «>1‘ curvalnn*. tin* imui^r is iti'.frtt'd, <<ii 
largt'd, and rt‘al ( Fiji’s. •{ IS and I IS)). \\ luni it is at a dislaufr /»* ( it ( ' 
from tin* mirror, tin* ima)4<* is alsu at a distam*o /,' ami <d‘ tho sanm si/i 



Fi(}. 411), Mrl.hod of ftn'inullon of a rtsil imiun* hy a iMim*avp mirror 


as Um ohjtaU,, thouj^di inverted (son l*'i|4’. iUd). A.s tlio ohjrct is mov«*( 
from li out to a ^'ri'at distanoo tin* imagt* nntvos fnuii (* itp to I'\ am 
is always rnal, invnrtnd, ami tliminiHln'tl, 'Pin* most mmsiadont wny o! 
Iludiu)^' tin* fo(‘al h*njLith is to lind vvIuto tin* of a tH.^taui nlijn-i 

is fornn'il. 


Wn Inani, lluMi, t.luit. at'onoavi' mirror 1ms (‘xm-tly tlnMiplioa 
properlios of a convu'X Ions. 'This is hooiutHo, liko tlu* fonv(‘s 



Fui. 420. Virtual imago In a con” Fm. >^121, Kay molhial of looaiini. 
cava mlmn* mat imago in rtmoavn mirror 


Intis, it always (iimhuM/irH thn. nurvaturn c^f tlu* wavos, I'lu 
sauio formulas hold throu^dumt, and tlu' munn ftaistrurtioin 
are applioablo (stm Figs. 420 and 421 ). 

460. Summary for lenses and mirrors. Huai. iMAUgs, mw-frd 

Formed by couvox Iouhoh and oummvi* tuirrurs if ^jl Kidargod ii 


I'lnn tiuKArn > \n u i %«* i in i»3 t ». i,.i * 

M’aiik nn Mn»ni » m tm r.j. 

l. A 4l W;Or, *. *1 I„t ■ V. U.' fio .»*.l Kif. i 

l|..fit .1 pl;ii,r J.f t . rns 4 Mif.UM IIM* -L i K ,* ^ ,. .... 

-tufa.i-. r«|M ..ihiu i»|.|r t •. »|. :,. , ..nf SL« 

^hMU-.s fa .. f. H.r ,n 8 m-. . .,..s ^,- . 

Wiili la, iu. t, i . .\ rui% ifm. . (I.a-I, (1 m- u 

.Mi, .-an lofj.H. i a-,u h. 1 

iM..t W ahiM-t JJ. .^I'lu.trs , iLr 1 84-4. j --'f I. f , 
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2/> >/; dimiTiislied if > 2/. The resulting curvature is equal to 

the curvature impressed by the lens, diminished by the initial curvature 

I>i 1 Do ' D„^ B,- / 

Virtual imagics, ahoays erect. (1) Formed by convex lenses and con- 
cave mirrors if 1)^ <-f\ always enlarged. The resulting curvature is 
equal to the initial curvature diminished by the curvature impressed 
by the lens. X 2^_X_^1 

D, A / D, Di f' 

(2) Formed by concave lenses and .convex mirrors ; always dimin- 
ished. The resulting curvature is -equal to the initial curvature in- 
creased by the curvature impressed by the lens. 

Di Do f “ A Do / 

The size of all images is given by 

U A 

where and Li denote the size of object and image respectively, and 
Dq and Di their distances from the lens or mirror.*^ 


QUESTIONS AND PROBLEMS 

1. A man runs toward a plane mirror at the rate of 12 ft. per second. 

I low fast does he approach his image? 

2. A man is standing squarely in front of a plane mirror which im 
very much taller than he is. The mirror is tipped toward him until 
it makes an angle of 45° with the horizontal. He still sees his full 
length. What position does his image occupy? 

3 . Show from a construction of the image that a man cannot see 
Ids entire length in a vertical mirror unless ijie mirror is half as tall as 
he is. Decide from a study of the figure whether dr not the distance of 
the man from the mirror affects the case. 

4 . How tall is a tree 200 ft. away, if the image of it formed by a 
lens of focal length 4 in. is 1 in. long ? (Consider the image to be formed 
in the focal plane.) 

^I^aboratory experiments on the formation of images by concave mirrors and 
by lenses should follow this discussion. See, for example, Experiments 46 and 46 
of che authors' manual 
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5. How lnn,y: un of tlh* saint* tn*!* will l»i' fttrintMl in tin* ftvral 

plauo ttf a U‘us luiviti).;; «t IfUjjjth t»t I* iiuV 

6. Why (l»»fs I In* inis** upi'fut* rnhit ivf‘ly lur.^:t' in i‘titu)mriH«»n with 
Min carH wln‘n I In* I'unn is vinwftl in u ntmvnv minur 

7. C‘au a I'tnivt'x mirror fVi*r form an invniiftl inmut*? <uv<* i'«*uHnu 


fnr ynur anH\vt*r. 

8. Wlmn thins a t'ttnvt'K h*nH furtu a rnal, uinl wlmn a \ irt mil, image* V 
Wlum uu t*ulargn<h ami wht‘n a t!iniinisln*th imagi*? Wlit'n an nrnnt, 
ami wlinn an iuvnrlntl, nnnV 

9. Dt'Hnrilii* Mn* imagi* fornintl hy antmnavt* hms. Why nan it nnvnr 
hn largnr than Mn' nhjnnt V 

10, What in Mn* tUITt*rnnn«‘ hntwtM‘n a n*Hl ami a virtual iinagt'V 

11, A naiulh* |»lant‘tl 20 t*m. in fnmt of a nunnnvn mirror Iuh iln iinagn 
forimul oO nin. in front of Un* mirror. Flml tlm nitlinN of (ht* mirror. 

12, Find tin* rnlativi* Hi/ns t»f imagt* uinl ohjont in Pro)>lt*m 11. 

13, An olijnnt is l.‘» nm. 
ill fnmt of a nonvnx it*nH 
of 12 nm. fonul Inngtli. 

What will lu* tlm naturt* 

.of tin* imag<‘, its ai/n, ami 
Hh diwtanr.t^ from Mn* h‘na? 

14, What irt Urn fonal 
hmgth of a h*nH if tln^ 
imago of an olijnnt It) ft. 
away in 0 ft. from tin* 
louH Y 

15, If tln^ ohj(H*tiu Prohlom 11 in (I in. long* how hmg will tlm imago hoe 

16, A hoam of nunlight falls im a oonvox mirror tiirongh a oironhu 
»holo in a Hiu*ot of oardhoard, m 
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Doionidimthm ttf fonal loitgth of it 
nonvox mirror 







in Fig. 422. Provt' that whon 
tho diamot(*r of tho ndlootod 
Imam n/ in twiott tin* diaiiiott*r 
of ihis holo np^ tint distauoc^ ma 
from tho mirror to tln^ Hon*on 
ifl ocinal to tho fonal longfch oF 
of tho mirror. 

17. If a roHo R in pinnotl 
upsido down in a ludghtly illm 

mhiatod box, a roal imago may ho formiMl in a ghws of wat#*r IP h^ 
a ccnioavo mirror d (Fig. 42-1). Whom mnst tho oyo ho pliw*ot| u* mn 
tho imago? 

18. How far in tho roso from tho mirror in tho armngomont ol 
Fig. 428? 


Fm. 42H, 


Imago nf ohjont at nontor ol 
nnrvaturo 
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461 . The photographic camera. A fairly distinct, though 
dim, image of a (iaudhi can be obtained with nothing more 
elaborate than a pinhole in a piece of cardboard (Fig. 424). 
If the receiving screen is replaced 
by a photographic plate, the ar- 
rangement becomes a 'pinhole 
mnivra^ with which good pic.tures 
may be taken if the exposure is 
sullieiently long. If we try to 

increaHo the brightness of the small opening 

image by enlarging the hole, the 
inuigt‘i becomes blurred because the naiTOW pencils 
i\U\. biMU)me cones whose bases overlap and thus destroy 

the distinctness of the outline. 

It is possible to gain the in- 
creased brightness duo to the 
larger hole, without sacrificing 
disthmtness of outline, by plac- 
ing a lens in the hole (Fig, 425). 

Ii‘ tlu^ ixuitnving screen is now 
a Ht'.usitive 2 )lat(‘,, the arrange- 
ment bcH'onms a plwtoyr aphid camera (Fig. 426). But while, 
witli tlu^ pinliolij (uimera, the screen may be at any distance 



Tig. 426. Principle of tlie photo- 
graphic camera 



from th(‘, hole., with a lens the plate 
and th(^ objecL must bo at conjugate 
foci of the lens. 

L(Vt a Ituifl Hay, 4 fiKjt focal length bo 
plaotul in front of a hole in the HhutUir of 
a (larktuied room and a Hernii/raunparent 
Kcreen (for (‘xarujjhs architect’s tracing 
paper) plaecul at the focal plane. A ]>erfect 
nAproduetian of the opposite landscapci will 
appear. 



Tig. 426. The photographic 
camera 
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462. The projecting lantern. Tlu‘ projft'l in^ !h tusen- 

tially a (‘unuu’a in \vhu*h tin* [uisition of and have 

luani iut(‘r(diau^(Hl ; Tor in (hr us(‘ ol tin* rainrra (lu‘ i« 

at. a ironsidrvahh^ dislaiirr and a snail! iuvrrtrd iniug<‘ is huaiUHl 
oil a plait' plart'd sointnvhai rarthrr froni lla* Itnis than the 
focu! dLsUinrt', In Ihi' nsr of llu' prt)jrrlini( lanirrn tlu‘ ohjrrl 
P (Kig. d:i7) is |)lart‘d a trillt' rurllu'r from tlu' lens // Uuui 



Fnn 427. 'riu' nnntM'i.iiiK lantfrii (,sn*ntitji{it*uM) 


its rnrul length, and an enlargtsl invrilt'tl inmge is lorint'd on 
a ilistanl. sereen S. In holh inslrunienls (hr (iplitad part in 
siin[)ly a eonvt'X ItMis, or a eomhinalitai of haisrs \vlueh in 
(‘([idvahait to a eouvt'x h'lis. 

'The ohjeet /\ wliosi^ iinagi' is ftirnu'd on tlu‘ sereetn is usu- 
ally a transpariMit slith' wlneh is illuiuinutecl hy a ptiwi^rful 
light d. Idle imagi^ us as many tinu'S larger than the object 
as the tliHlaiua'. from !J to S is grealtn* than tlu' tlistaiu'e from 
IJ to /^ 'riu^ light d is tiHually tutlu*r a ealeinm light or an 
aleetric anu 

The abovt^ an* the only <‘HHt»iitial |iartH (>f a lantern. In 

ordttr, howttvt*i% tliat the Hlitb* may lu* ilhnnitiatisl an hrilliiuitly m poa- 
Hihle, a «0"eall<Ml eomleriHiiig ItniH L in nhvayH tiMftl. '(‘his et»m‘entrates 
light upon the transpareney ami (IlnnUH if Inwart! (h** nnreen. 

In order illuntrale tht^ priiielple tif the iimtniment, let a beam of 
mmlight be refbu'ttMl Inin the numi ami fall iiprtn a lant<*rn nlhle. When 
a leuH is placed a trith* more tluiri its focal tliHtiuiee in fnmtuf the alkie, 
a brilliant picture will be formed on the opposite wall. 
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463. The eye. The eye is essentially a camera in which the 
cornea C (Fig. 428), the aqueous humor and the crystalline 
lens 0 act as one single lens which forms an inverted image 
P'Q' on the retina, an expansion of the optic nerve covering 
the inside of the back of the eyeball. 

In the case of the camera the images of objects at different 
distances are obtained by placing the plate nearer to or farther 
from the lens. In the 
eye, however, the dis- 
tance from the retina to 
the lens remains constant, 
and the adjustment for 
different distances is ef- 
fected by changing the 

focal length of the lens itself in such a way as always to keep 
the image upon the retina. Thus, when the normal eye is per- 
fectly relaxed, the lens has just the proper curvature to focus 
plane waves upon the retina ; tliat is, to make distant objects 
distinctly visible. But by directing attention upon near objects 
we cause the muscles which hold the lens in place to contract 
in such a way as to make the lens more convex, and thus 
bring into distinct focus objects which may be as close as eight 
or ten inches. This power of adjustment, however, varies 
greatly in different individuals. 

464. The apparent size of a body. The apparent size of a 

body depends simply upon the size of the image formed upon 
the retina by the lens of the eye, p p 

and hence upon the size of the 
visual angle pCq (Fig. 429). The 
size of this angle evidently in- 
creases as the object is brought 
nearer to the eye (see PCQ')^ 

Thus the image formed on the retina when a man is 100 feet 
from the eye is in reality only one tenth as large as the image 

t 



Tig. 429. The visual angle 
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formed of the same man when he is but 10 feet away. We do 
not actually interpret the larger image as representing a larger 
man simply because we have been taught by lifelong experi- 
ence to take account of the known distance of an object in 
forming our estimate of its actual size. To an infant who has 
not yet formed ideas of distance the man 10 feet away doubt- 
less appears ten times as large as the man 100 feet away. 

465. Distance of most distinct vision. When we wish to 
examine an object minutely we bring it as close to the eye as 
possible in order to increase the siz'e of the image on the retina. 
But there is a limit to the size of the image which can be pro- 
duced in this way ; for when the object is brouglit nearer to 
the normal eye than about 10 inches, the curvature of the 
incident wave becomes so great that the eye lens is no longer 
able, without too much strain, to thicken sufficiently to bring 
the image into sharp focus upon the retina. Hence a person 
with normal eyes holds an object which he wishes to see as 
distinctly as possible at a distance of about 10 inches. 

Although this so-called distance of most distinct vision varies 
somewhat with different people, for the sake of having a 
standard of comparison in the determination of the magnifying 
powers of optical. instruments, some exact distance had to be 
chosen. The distance so chosen is 10 inches, or 25 centimeters. 

466. Magnifying power of a convex lens. If a convex lens 
is placed immediately before the eye, the object may be brought 
much closer than 25 centimeters without loss of distinctness, 
for the curvature of the wave is partly, or even wholly, over- 
come by the lens before the light enters the eye. 

If we wish to use a lens as a magnifying glass to the best 
advantage, we place the eye as close to it as we can, so as to 
gather as large a cone of rays as possible, and then place the 
object at a distance from the lens equal to its focal length, so 
that the waves after passing through it are plane. They are 
then focused by the eye with the least possible effort. The 
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visual angle in such a case is FcQ [Fig. 430, (1)], for, since 
the emergent waves are plane, the rays which pass through 
the center, of the eye from F and Q are parallel to the lines 
through Fc and Qe. But if the lens were not present, and if 
the object were 25 cen- 
timeters froift. the eye, 
the visual angle would 
be jtjcg [Fig. 430, (2)]. 

The ratio of these two 
angles is approximately 
25/f, where f is the 
focal length of the lens 
expressed in centime- 
ters, the magnify- 
ing pow.er of a lens or Fig. 430.. Magnifying power of a lens 
microscope is defined as 

the ratio of the angle actually subtended by the image when viewed 
through the instrument^ to the angle subtended by the object when 
viewed with the unaided eye at a distance of 25 centimeters. 
Therefore the magnifying power of a simple lens is 25/f. Thus, 
if a lens has a focal length of 2.5 centimeters, it produces a 
magnification of 10 diameters when the object is placed at its 
principal focus. If the lens has a focal length of 1 centimeter, 
its magnifying power is 25, etc. 


467. Magnifying power of an astronomical telescope. In the astronom- 
ical telescope the objective, or forward lens, forms at its focus an image 
of a distant object. Suppose that this inaage were viewed directly by 



I'lG. 481. Magnifying power of a telescope objective is P/25 


an eye 25 centimeters from the image, as in Fig. 431. The angle sub- 
tended by the image at the eye would then be P'EQ ' ; but the angle 
subtended by the object is PEQ, which is practically the same as P'cQ! j 
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for P'cQ'-PcQ, and since the object is very distant, 
approximately. But P'EQ' divided by P'cQ! is equal to F/25, F being 
the focal length of the objective measured in centimeters. Hence 
the forward lens 
alone enables us 
to increase the 
visual angle of 
the object F/25 
times. 

In practice, 
however, tbe im- 
age is not viewed 
with the unaided 
eye, but with a 
simple magnify- 


ToP_ 

ToQ 



Magnifying power of a telescope is P/J 


ing glass called an eyepiece (Fig. 432), placed so that the image is at its 
focus. Since we have seen in § 466 that the simple magnifying glass 
increases the visual angle 25^/ times, / being the focal length of the 
eyepiece, it is clear that the total magnification produced by both lenses, 
used as above, is F/25 x 25//= F/f. The magnify buf pnmer of an astro- 
nomical telescope is therefore the focal length of the objective divided by the 
focal length of the eijepiece. It will be seen, 
therefore, that to get a high magnifying 
power it is necessary to use an objective 
of as great focal length as possible and an 
eyepiece of -as short focal length as possi- 
ble. The focal length of the great lens at 
the Yerkes Observatory is about 62 feet 
and its diameter 40 inches. 'The great 
diameter enables it to collect a very large 
amount of light. 

Eyepieces often have focal lengths as 
small as J inch. Thus the Yerkes tele- 
scope when used with a J-inch eyepiece 
has a magnifying power of 2976. 

468. The magnifying power of the 
compound microscope. The compound 
microscope is like the telescope in that microscope 

the front lens, or objective, forms a real image of the object at the focus 
of the eyepiece. The size of the image P'Q' (Fig. 433) formed by the 
objective is as many times the size of the object PQ as w, the distance 
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from the objective to the image, is times w, the distance from the objec- 
tive to the object (see § 452). Since the eyepiece magnifies this image 
25// times, the total magnifying power of a compound microscope is 
0 25 

— Ordinarily v is practically the length L of the microscope tube, 
u f 

and u is the focal length F of the objective. Wherever this is the case, 

• 25 X 

tli(‘n, the magnifying power of the comjmimd microscope is • 

*/ 

The ndation shows that in order to get a high magnifying power with 
a (ujinpouiid micros(^oj>e the focal length of both eyepiece and objective 
should be as short as possible, while the tube length should be as long 
as possible. Thiy^, if a microscope Las both an eyepiece and an objective 
of () millimeters focal length and a tube 15 centimeters long, its magui- 
25 X 15 

fying pow(n’ will Ixi — — = 1042. Magnifications as high as 2500 or 

;K)()0 arc sometimes used, but it is impossible to go much farther for the 
nuison that the image becomes too faint to be seen when it is spread 
over so large an area. 

469. The terrestrial telescope. In both the microscope and the tele- 
scope, since the image formed by tlu^, olyjcctive is a real image, it is in- 
verted. Since th(‘. eye])iece forma a virbual image of tliis real image, the 
object as seen by the eye will api)ear upside down. This is a serious 



objection when it is desired to use the telescope as a field glass. Hence 
the terrestrial tdescope is constructed with an objective exactly* like that 
of the astronomical telescope, hut with an eyexnece which is essentially 
a compound mic.roscoi^e. Since, then, the image is twice inverted, once 
by the abjective 0 (Ifig. 484) and oiaco by 0% it appears erect. 

470. The opera glass. On account of the larg(i number of lenseR 
wliich must he uhchI in the thrrestrial hdcsoojje, it is too l>ulky and awk- 
ward for many purjioses, and hence it is often replaced by the opera 
glass (Fig. ^85). 'I'lns instrument consists of an objective like that of 
the telescope, and an eyejnece which is a concave lens of the same focal 
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length as the eye of the observer. The eifeut of the eyei^iece is tliere- 
fore to just neutralize the lens of the eye. Hence the objective, in effect, 
forms its image directly upon the retina. It will be seen that the size 
of the image formed upon the retina by the objective of the opera glass 



Fiu. 435. The opera glass 

is as much larger than the size of the image formed by the naked eye 
as the focal length CR of the objective is greater than the focal length 
cR of the eye. Since the focal length of the eye is the same as that of 
the eyepiece, the magnifying power of the opera glass', like that of the astro- 
nomical telescope, is the ratio of the focal lengths of the objective and eyepiece. 
Objects seen with an opera glass appear erect, since the image formed 
on the retina is inverted, as is the case with images formed by the lens 
of the eye unaided. 

471. The stereoscope. Binocular vision. When an object is seen with 
both eyes the images formed on the two retinas differ slightly, because 
of the fact that the two eyes, on account of their 
lateral separation, are viewing the object froiu 
slightly different angles. It is this difference in the 
two images which gives to an object or landscape 
viewed with two. eyes an appearance of depth, or 
solidity, which is wholly wanting when one eye is 
closed. The stereoscope is an instrument whicli 
reproduces in photographs this effect of binocular 
vision. Two photographs of the same object are 
taken from slightly different points of view. These 
photographs are mounted at A and B (Fig. 436), 
where they are simultaneously viewed by the two ^ p . . . 

eyes through the two prismatic lenses m and n. Jtho stereoscopT 
Inese two lenses superpose the two images at C 
because of their action as prisms, and at the same time magnify them 
because of their action as simple magnifying lenses. The result is that 
the observer is conscious of viewing but one photograph ; but this differs 



from ordinary photographs in that, instead of being fiat, it has all of 
tiie characteristics of an object actually seen with both eyes. 

The opera glass has the advantage over the terrestrial telescope of 
affording the hcmefit of binocular vision ; for while telescopes are usually 
constructed with one tube, opera glasses always have two, one for each eye. 

472. The Zeiss binocular. The greatest disadvantage of the opera 
glass is that tlu^, field of view is very small. The terrestrial telescope 
\\iiB a larg(U' fu'hl, but is of incoiiviuiient length. An instrument called the 
Zcis.s binocular (Tig. 4)17) has 
recently come into use, which 
combines tlu^ coiTipactiuiss of tb(i 
^ opera glass with tlu^ wide, licdd of 
view of the terrt‘strial t(*lescoj>(‘.. 

'.riu*. eompactm'HS is gaimul by 
causing the light to jmss hack 
and forth through total reflect- 
ing prisms, as in tlie figure, 
dMieso r(41ections also pcirforiu 
tlu'. function of roiiivertiiig the 
image, so that the real image 
which is formwi at the focus of 437 _ .jlje ^eiss binocular 

the eyepiece is erect. It will be 

the.refor( 3 , that the instrument is essentially an a.stvonomical telescope 
in whicli the image is nnnviU'Uul by reflection, and in which the tube is 
sliorten(‘d by hdting th(‘. light pass back and forth between the prisms. 

A furtluii’ advantage* wliicdi is gained by the Zeiss binocular is due to 
the. fact that the two objectives are separated by a distance which is 
gr(‘.at<u’ than the <listiuuu‘. betwe(*.u the eyes, so that the stereoscopic 
effect is mor(‘. prominent than witli the unaided (iyts or with the ordinary 
opfu'a glass.'* 

QUESTIONS AND PROBLEMS 

1, If a ph()U)grai)h(U- wishes to obtain the full figure on a plate of 
cabinet size, docs he place the subject nearer to or farther from the 
(Uim( 3 ra than if he wishes to takc3 the head only? Why? 

2. The imago, on th (3 retina, of a book held a foot from the eye is 
larger than that of a' house on the opposite side of the street. Why do 
wo not judge that tlio book is actually larger than the house? 

* Jiaboratory oxporimonts on tho magnifying powers of lenses and on the con- 
st.riK'-tion of microscopes anil telescopes should follow this chapter. See, for 
example, Experiments 47, 48, and 40 of the authoi*s’ manual. 
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3 . What is the magnifying power of a -j-in. lens used as a simple 
magnifier ? 

4. A telescope has an objective of 30 ft. focal length and an eyepiece 
of 1 in. focal length. What is its magnifying power? 

5. A stereopticon is provided with two lenses, one of O-in. and the 
other of 12-in. focal length. Which lens should be used if it is desired 
to get as large an image as possible on a screen at a fixed distance ? 

6. A compound microscope has a tube length of 8 in., an objective 
of focal length h in., and an eyepiece of focal length 1 in. What is its 
magnifying power ? 

7 . Explain why a terrestrial telescope shows objects erect rather 
than inverted. 

8. If the focal length of the eye is 1 in., what is the magnifying 
power of an opera glass whose objective has a focal length of 4 in. ? 

9 . If the length of a microscope tube is increased after an object 
has been brought into focus, must the object be moved nearer to or 
farther from the lens in order that the image may be again in focus? 

10 . The magnifying power of a microscope is 1000, the tube length 
is 8 in., and the focal length of the eyepiece is 1 in. What is the focal 
length of the objective ? 

11 . What sort of lenses are necessary to correct shortsightedness? 
longsightedness ? 



CHAPTER XX 

COLOR PHENOMENA 

Color and Wave Leng-.th 

473. Wa.V6 lengths of ditferent colors. Let a soap film be formed 
across the top of an ordinary drinking glass, care being taken that both 
the solution and the glass are as clean as i^ossible. Let a beam of sun- 
light or the light from a projecting lantern pass through a piece of 
red glass at A, fall upon the soap film JP, and be reflected from it to a 
white screen S (see Fig. 438). 

Let a convex lens L of from 
six to twelve inches focal 
length be placed in the path 
of the reflected beam in such 
a position as to produce an 
image of the film upon the 
screen S, that is, in such a 
position that film and screen 
are at conjugate foci of the 
leus. The system of red and 
black bands upon the screen 
is formed precisely as in 
§ 438, by the interference of 
the two beams of light com- 
ing from the front and hack 
surfaces of the wedge-shaped 
film. Let now the red glass 
be held in one half of the beam and a piece of green glass in the other 
half, the two pieces being placed edge to edge, as shown at A. Two 
sets of fringes will be seen side by side on the screen. The fringes will , 
be red and black on one side of the image and gi’een and black on 
the other ; but it will be noticed at once that the dark bands on the 
green side are closer together than the dark bands on the other side; 
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iu fact, seven fringes on the side of the film which is covered by the 
green glass will be seen to cover abont the same distance as six fringes 
on the red side.* 

. Since it was shown in § 440 that the distance between two 
dark bands corresponds to an increase of one-half wave length 
in the thickness of the film, we conclude, from the fact that 
the dark bands on the red side are farther apart than those on 
the green side, that red light must have a longer wave length 
than green light. .The wave length of the central portion of 
each colored region of the spectrum is roughly as follows : 

Red 000068 cm. Yellow 000058 cm. 

Green 000052 cm. Blue 000046 cm. 

Violet .000042 cm. 

Let the I’ed and green glasses be removed from the path of the beam. 
The red and green fringes will be seen to be replaced by a series of 
bands brilliantly colored in different hues. These are due to the fact 
that the lights of different wave length 
form interference bands at different 
places on the screen. Notice that the 
upper edges of the bands (lower edges 
in the inverted image) are reddish; 
while the lower edges are bluish. We 
shall find the explanation of this fact 
in § 482. 

474. Composite nature of white 
light. Let a beam of sunlight pass 
through a narrow slit and fall on a 
prism, as in Fig. 439. The beam which 
enters the prism as white light is 
broken up into red, yellow, green, blue, and violet lights, althougli each 
color merges, by insensible gradations, into the next. This band of 
color is called a spectrum. 

We conclude from this experiment that white light is a mix- 
• ture of all the colors of the spectrum^ from red to violet inclusive. 

* The experiment may he performed at home by simply looking through red 
and green glasses at a soap film so placed as to reflect white light to the eye. 



Fig. 439. White light decom- 
posed by a prism 
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475. Color of bodies in white light. Let a piece of red glass be 
held ill the path of the colored beam of light in the experiment of the 
preceding section. All the spectrum except the red will disajipear, thus 
showing that all the wave lengths except red have been absorbed by the 
glass. Let a greeh glass be inserted in the same way. The gi*een portion 
of the spectrum will remain strong, while the other portions will be 
greatly enfeebled. Hence green glass must have a much less absorbing 
effect upon wave lengths which correspond to green than upon those 
which correspond to red and blue. Let the green and red glasses be held 
one behind the other in the iiath of the beam. The spectram will almost 
completely vanish, for the red glass has absorbed all excejDt the red rays, 
and the green glass has absorbed these. 

We conclude, therefore, that the color which a body has in 
ordinary daylight is determined by the wave lengths which 
the body has not the power of absorbing. Thus, if a body 
appears white in daylight, it is because it diffuses or reflects 
all wave lengths equally to the eye, and does not absorb one 
set more than another. For this reason the light which comes 
from it to the eye is of the same composition as daylight or 
sunlight. If, however, a body appears red in daylight, it is 
because it absorbs the red rays of the white light which falls, 
upon it less than it absorbs the others, so that the light which 
is diffusely reflected contains a larger proportion of red wave 
lengths than is contained in ordinary light. Similarly, a body 
appears yellow, green, or blue when it absorbs less of one of 
these colors than of the rest of the colors contained in white 
light, and therefore sends a preponderance of some particular 
wave length to the eye. 

476. Color of bodies placed in colored lights. Let a body which 
appears white in sunlight be placed in the red end of the spectrum. It 
will appear to be red. In the blue end of the spectrum it will appear to 
be blue, etc. This confirms the conclusion of the last paragraph, that 
a white body has the power of diffusely reflecting all the colors of the 
spectrum equally. 

Next let a skein of red yarn be held in the blue end of the spec- 
trum. It will appear nearly black. In the red end of the spectrum 
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it will appear strongly red. Similarly, a skein of blue yarn will appear 
nearly black in all the colors of the spectrajn except blue, where it 
will have its proper color. 

These effects are evidently due to the fact that the red yarn, 
for example, has the power of diffusely reliectiiig red wave 
lengths copiously, but of absorbing, to a large extent, the others. 
Hence, when held in the blue end of the spectrum, it sends 
but little color to the eye, since no red light is falling upon it. 

477. Compound colors. It must not be inferred from the 
preceding paragraphs that every color except white has one 
definite wave length, for the same effect 
may be prod.uced on the eye by a mix- 
ture of several different wave lengtlis as 
is produced by a single wave length. 

This statement may be proved by the 
use of an apparatus known Newton’s 
color disk (Fig. 440). The arrangement 
makes it possible to rotate differently 
colored sectors so rapidly before the eye 
that the effect is precisely the same as 
though the colors came to the eye simul- 
taneously. If one half of the disk is red 
and the other half green, the rotating 
disk will appear yellow, the color being 
very similar to the yellow of the spec- 440 . NowtoiCn 

trum. If green and violet are mixed in 
the same way, the result will be light blue. Although the 
colors produced in this way are not distinguishahh^ by the ciye 
from spectral colors, it is obvious that their physical (jonstitii- 
tion is wholly different ; for while a spectral color consists of 
waves of a single wave length, tlie colors producjcd by mix- 
ture are compounds of several wave lengths. For this rcuuson 
the spectral colors are called pure and the others (jomponiid. 
In order to tell whether the color of an object is pure or 
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compound, it is only iiecossary to observe it through a prism. 
If it is compound, the colors will be separated, giving an image 
ot the object for each color. If it is pure, the object will appeal^ 
through the" prism exactly as it does without the prism/ 

By compounding colors in the way described above we 
(*.aii produce many which are not found in the spectrum. 
Thus mixtures of rod and blue give purple or crimson ; mix- 
tures of black with red, orange, or yellow give rise to the 
various shaders of brown. Lavender may be formed by add- 
ing three parts of white to one of blue ; lilac, by adding to 
/ifteeu parts of white four parts of red and one of blue; 
olive, by adding one part of black to two parts of green and 
one of red. 

478. Complementary colors. Since, white light is a combina- 
tion of all the colors from red to violet inclusive, it might be 
(',xpccted that if one or several of these colors were subtracted 
from white light, the residue would be colored light. 

To test this tixporiuumtally let a beam of sunlight be passed through 
a slit A', a prism and a lens L, to a screen S, arranged as in Eig. 441. 
A spBotruni will bo formed at R F, the position conjugate to the slit a‘, 
and a pure whites spot will ap- 
pear on tlui when it is 

at the } position which is con- 
j\igat(i to the prism face ah. 

Let a card ho slipped into 
the path of tluh beam at R, 
so as to cut olT \,\io rod x>ortion 
of the light. The spot on S 
will appear a brilliant shade 
of greenish blue. This is the 
compound color left after red 
is taken from the white light. This shade of blue is therefore called the 
r.omplermntary color of the hkI which has been subtracted. Two coniplo- 
meniary colora are therefore dcifined as any two colors which produce 
white when added to each other. 

Let the cai’d be slipped in from the aide of the blue rays at V. The 
spot will first take on a yellowish tint when the violet alone is cut out; 





Eick 441. Recombination of spectral colors 
into white light 
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and as the card is slipped farther in, the image will become a deep shade 
of red when violet, blue, and part of the green are cut out. 

Next let a lead pencil be held vertically between R and V so as to cut o:ff 
^he middle part of the spectrum ; that is, the yellow and green rays. The re- 
maining red, blue, and violet will unite to form a brilliant purple. In each 
case the color on the screen is the complement of that which is cut out. 

479 . Retinal fatigue. L et the gaza be fixed intently for not less 
than twenty or thirty seconds on a point at the center of a block of any 
brilliant color — for example, red. Then look off at a dot on a white 
'wall or a piece of white paper, and hold the gaze fixed there for a few 
seconds.. The brilliantly colored block will appear on the white wall, 
but its color wiU be the complement of that first looked at. 

The explanation of this phenomenon, due to so-called ''ret- 
inal fatigue,” is found in the fact that although the white sur- 
face is sending waves of all colors to the eye, the nerves which 
responded to the color first looked at have become fatigued, 
and hence fail to respond to this color when it comes from the 
white surface. Therefore the sensation produced is that due 
to white light minus this color ; that is, to the complement of 
the original color. A study of the spectral colors by this 
method shows that the following colors are complementary. 

Red Orange Yellow Violet Green 

Bluish green Greenish blue Blue Greenish yellow Crimson 

«i 

480 . Color of pigments. When yellow light is added to the 
proper shade of blue, white light is produced, since these 
colors are complementary. But if a yellow pigment is added 
to a blue one, the color of the mixture will be green. This is 
because the yellow pigment removes the blue and violet by 
absorption, and the blue pigment removes the red and yellow, 
so that only green is left. 

When pigments are mixed, therefore, each one subtracts cer- 
tain colors from white light, and the color of the'mixture is that 
color which escapes absorption by the different ingredients. 
Adding pigments and addmg colors^ as in § 477, are therefore 
wholly dissimilar processes and produce widely different results. 
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481 . Three-color printing. Ifc is found that all colors can be 
produced by suitably mixing with the color disk (Fig. 440) 
tlii*ee spectral colors, namely red, green, and blue-violet. 
These are therefore called the three primary colors. The so- 
called primary pigments are simply the complements of these 
three primary colors. They are, in order, peacock blue, crim- 
son, and light yellow. The three primary colors when mixed 
yield white. TIio three primary pigments when mixed yield 
black, because together they subtract all the ingredients from 
white light. The process of three-color printing consists in 
mixing on a white background, that is, on white paper, the 
three primary pkprmits in the following way: Three differ- 
ent pliotographs of a given-colored object are taken, each 
through a filter of gelatin stained the color of one of the 
primary colors. From these photographs half-tone " blocks ” 
are made in the usual way. The colored picture is then made 
by carefully superposing prints from these blocks, using with 
each an ink whose color is the complement of that of the 

iilter ” through which the original negative was taken. The 
plate opposite page 400 illustrates fully the process. It will 
bt^ interesting to examine differently colored portions with a 
lt‘ns of moderate magnifying power. 

482 . Colors of thin films. The study of complementary colors 
has furnished us with the key to the explanation of the fact, 
observed in § 478, that the upper edge of each colored band^ 
prodiKicd by the water wedge is reddish, while the lower edge 
is bluish. Tho red on the upper edge is due to the fact that 
there the shorter blue waves are destroyed by interference and 
a (.•,()mplemeutary red color is left; while oh the lower edge 
of each fringe, where the him is thicker, the longer red waves 
interfere, hvaving a complementary blue. In fact, each wave 
hiiigth. of the incident light producers a set of fringes, and it is 
the superposition of these dilferent sets which gives the result- 
ant colored fringes. Where the film is too thick the overlapping 
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is so complete that the eye is unable to detect any trace of 
color in the reflected light. 

In films which are of uniform thickness, instead of wedge- 
shaped, the color is also uniform, so long as the observer does 
not change the angle at which the film is viewed. With any 
change in this angle the thickness of film through which the 
light must pass in coming to the observer changes also, and 
hence the color changes. This explains the beautiful play of 
iridescent colors seen in soap bubbles, thin oil films, mother 
of pearl, etc. 

483. Chromatic aberration. It has heretofore been assumed 
that ah. the waves which fall on a lens from a given source 
are brought to one and the same focus. But since blue rays 
are bent more than red ones in passing through a prism, it is 
clear that in passing through a lens the blue light must be 
brought to a focus at some point v (Fig. 442) nearer to the 
lens than r, where the red light is focused, and that the foci for 
intermediate colors must fall in intermediate positions. It is 
for this reason that an image 
formed by a simple lens is 
always fringed with color. 

Let a card be held at the pio. 442 . Chromatic aberration m a lens 
focns of a lens placed in a beam 

of sunlight (Fig. 442). If the card is slightly nearer the lens than the 
focus, the spot of light will be surrounded by a red fringe, for the red 
rays, being least refracted, are on"' the outside. If the card is moved out 
beyond the focus, the red fringe will be found to be replaced by a blue 
one ; for, after crossing at the focus, it will be the more refrangible rays 
which will then be found outside. 

This dispersion of light produced by a lens is called ohromatio 
aberration, 

484, Achromatic lenses. The color effect caused by the 
chromatic aberration of a simple lens greatly impairs its use- 
fulness. Fortunately, however, it has been found possible to 
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eliminate this effect almost completely by combining into 
one lens a ‘convex lens of crown glass and a concave lens 
of flint glass (Fig. 443). The first lens 
then produces both bending and disper- 
sion, while the second- almost completely 
overcomes the dispersion without entirely 
overcoming the bending. Such lenses are 
called aoliromatic lenses. The first one was 
made by Jolm Dollond in London in 1758. They are used 
in the construction of all good telescopes and microscopes. 



Flint 

Fig. 443. An achro- 
matic lens 


QUESTIONS AND PROBLEMS 

1 . If a soap film is illuminated with red, green, and yellow strips of 
light, side by side, how will the distance between the yellow fringes 
compare with that between the red fringes ? with that between the green 
fringes? (See table on page 394.) 

2. What will be the apparent color of a red body when it is in a room 
to which only green light is admitted ? 

3 . Why do white bodies look blue when seen through a blue glass? 

4 . What color would a yellow object appear to have if looked at 
tlirough a blue glass? (Assume that the yellow is a pure color.) 

5. A gas tiame is distinctly yellow as compared with sunlight. What 
wave lengths, then, must be comparatively weak in the spectrum of a 
gas flame? 

6. If the green and the yellow are subtracted from white light, what 
will be the color of the residue ? 

7 . Will a reddish spot on an oil film be thinner or thicker than an 
adjacent bluish portion? 


Spectra 

485. The rainbow. A very beautiful spectrum with which 
every one is familiar is the rainhoiv. 

Let a spherical bulb F (Fig. 444) 14 or 2 inches in diameter be filled 
with water and held in the path of a beambf sunlight which enters the 
room through a hole in a piece of cardboard AB. A miniature rainbow 
will be formed on the screen around the opening, the violet edge of the 
bow being toward the center of the circle and the red outside. A beam of 
light which enters the flask at C is there both refracted and dispersed; 
t 
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at B it is totally reflected ; and at E it is again refracted and dispersed 
on passing out into the air. Since in both of the refractions the violet is 
bent more than the red, it is obvious that it must return nearer to the 
direction of the incident 
beam than the red rays. 

If the flask were a perfect 
sphere, the angle included 
between the incident ray 
OC and the emergent red 
ray ER would be 42° ; and 
the angle between the inci- 
dent ray and the emergent 
violet ray E V would be 40°. 

The actual rainbow 

seen in the heavens is ^ a 4 .-^' • i • i 

Fig. 444. Artificial rainbow 

clue to the refraction 

and reflection of light in the drops of water in the air, which 
act exactly as did the flask in the preceding experiment. If the 
observer is standing at E with his back to the sun, the light 
which comes from the drops so as to make an angle of 42° 

(Fig. 445) with, the Ime drawn from the observer to the sun 
must be red light ; while the light which comes from drops 
which are at an angle 
of 40° from the eye 
must be violet light. 

It is clear that those 
drops whose direction 
from the eye makes 
any particular angle 
with the line drawn 
from the eye to the 
sun must lie on a circle y^liose center is on that line. Hence 
we see a circular arc of hght which is violet on the inner edge 
and red on the outer edge. 

486. The secondary bow. A second bow having the red on 
the inside and the violet on the outside is often seen outside 

\ 

4 

I 



Fig. 446. Primary and secondary rainbows 
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of the one just described, and concentric with it. This how 
arises from rays wliich have suffered two internal reflections 
and two refractions, in tlio manner shown in Fig. 445. Since 
in this how the emergent ray crosses the incident ray, it will 
1)0 seen that the color which suffers the largest refraction must 
make the largest angle with the incident ray. Hence the violet 
which comes to the eye must come from drops which are farther 
from the center of the circle than those which send the red. 
The red rays come from an angle of 51° and the violet rays 
from an angle of 54°. 


487. Continuotis spectra, hot a. Uunsen burner arrang'ecl to produce 
a white-, flainc be placed beliiiul a slit x (Fig. 44(1). Let the slit be viewed 
through a prism P. The apeotnuu will be a continuous band of color. 
If, then, the air is a<lniitted at 


the base of the burner, and 

if a clean platinum wire i.s ||? 

hold in the flame directly in ^ ^ 

front of the slit, the white-hot t — 

platinum will also give a con- (V fi”^ 

tinuous spectrum.* I U 

All iircandescent solids 
and IwTuids are found to . 

give spectra of this type viewing spectra 

wlii(5li contain all the wave lengths from the extreme red to 
the extreme violet. Tlio continuous spectrum of a luminous gas 
flame is duo to the incandescence of solid particles of carbon 
Hiispended in the flame. The presence of these solid particles 
is proved by the fact that soot is deposited on bodies held 
in a white flame. 


488. Bright“line spectra. Lot a Int of asbestos or a platimam wire 
be dipped into a solution of comnion salt (sodium chloride) and held in 
the flarao, care being taken that the wire itself is held so low that the 


^ By far the most antisfactory way of porforming thosG experiments with spectra 
is to provide the class with cheap plate-glass prisms like those used in Experi* 
meiit no of the authors’ manual, rather than to attempt to project lino spectra. 
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apootnini due in it. cannot be .seen. 'TUc c<mtiniu>ns spootrum of the 
preceding paragraj>h will be r(‘|il 5 iciMl by a <‘h'arly dolinod yollnw image 
of the slit which ot'cnpic.s the pnsil inn til I he y«'ll“sv pni'litiii nf Dk* 
spectrum. 'I'his shows that tlu^ ligiit li'tnn tlu* smlium Ihunc is luit a 
compound of a uumbi‘r of wavt' lc‘!igtbs, but. is rather ol just the wave 
length whi(di corresponds t<i this parlieular slunle td yellnw. 'I’he light 
is now coming from tlu^ ineandeseent. sodium vaptu* ami md. from an 
incandi*HC(mt solid, as iii tin* pnusMling experiments. 

Ltd. aiioth(‘.r platinum wire he <lipped in a solution ef lithium ehloridc 
and htdd in tin* llame. 'Pwo distinct i!uag»*s of tiie slit, and .v" 
(Fig. 'I4()), will 1 h*. stsm, «uh‘ in yellow afid om* in reil. Let eideiuin 
chloride 1)(‘, ititrodmuMl into tJie llunie. Om' dislinet image of tlu* slit 
will bo Been in the. gretm and amitlser in (he red. Strordium {'hhiride 
will give a blue, and a red image, etc. ('I’lie yellow .stidiiim iuuig<‘ will 
])robably \m pn^stmt in <‘ae.h cast', because sodium is pre.sent as an 
impurity in Tunirly all salbs.) 

Thoso narrow iimigoH of l-lut slit, in tin* dinoreiit. mtltirs am 
(‘allocl tlio (‘Jiarac.tin’isUc. npectral Hava of tin* snhsiaucMSN, Tim 
Gxporimonts show Uiai iiKuuidt'.soent. va|mrH ami ga.stxs t^lvt^ rinc 
to hriiflit-Unv. and not. oonlinnous Hpootra like thoHo 

produced by imtandcHctait Holids and liipiitls. 'Plu^ imdhotl of 
analyzing compound stdistamu's through a stmly td' (ho Iujoh 
in the speettra of Uitur va])ors is oallt‘d Hpvtivum ttnttIpmH, It, 
was first used by iht*. (}(*rmun olaunist Ibni.siUi in iHah. 

489. The solar spectrum. Let a beam of mtulighl paws firnt * 
through a narrow slit S (Fig. TIT)* not rrtort^ than millimeter in width, 
then through a [irism /*, and linally let it fall tin a screen S\ as Hhowat in 
Fig. 447. Let tin* position of tlu^ prism be ebnngefl until a beam of 
white light ie re(h*(*t(*d from one of its fat*es to (Imt pt»r(i«»n of the sertsm 
which wa« previtjusiy (jccitpied hy the ctmtrnl |Kirtitiii of the spectrum. 
Then let; a hms L Ik* placed ht‘tween thei prism ami the slit, am! tmived 
hack and forth until a perhsttly sharp white image tif the slit is formed 
on the screen. This adjustment is nnuh* in order to get the slit .V and 
the screen .S" in the. ijositions of conjugate ftwi of the lens. Now let the 
prism be turmul to its original position. The s|K*ctriun on the w^reen 
will then consist of a series of tuihjred images of the slit arranged alda 
by side. This is called a pure spectrum, to distingtti?«h it from the 
trum shown in Fig. 4*10, in whhdi m» Icuh was imeil to bring the rays of 
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each particular color to a particular point, and in which, there was 
therefore much overlapping of the different colors. If the slit and screen 
are exactly at conjugate foci of the lens, and if the slit is sufficiently 
narrow, the spectrum will be 
Slum to be crosstul vfu'tically by 
certain dai'k liu(is‘. 

These lines were first ob- 
served by the Eiiglivslnnau 
Wollaston, in 1.802, and 
were lirst stndhul carefully 
by the (Icunnau Fraunhofer 
in 1814, who (U)unted and 
mapped out as many as 
seven hundred of them. They are called after him, the Fraun- 
liofer linen. Their existence in the solar spectrum shows that 
c.ertaiu wave lengths are absent from sunlight, or, if not entirely 
absenb at Ic.ast imuib weaker than their neighbors. When 
the experiment is performed as des(.a*ibed above it will usually 
nut be possible to t^ouut more tluui five or six distinct lines. 



Fio. 447. Arraiigciuent. for obtaining a 
pure spectrum 


490. Explanation of the Fraunhofer lines. Lot the solar spec- 
trum bo ])roj(‘.ct(Ml iiH in § 4Hi). .Ivot a few Hinall bits of jnetallic sodium 
l)(i laid u]H)u a loosii wad of aHl)(‘.Htus whicli has boon saturated with 
alcoliol. Lottli(‘. asbestos so ])r(‘parod b(‘. hold to the left of the slit,, or 
b(\tw(M‘Ti the slit and tli(‘, bms, and tlierc ignited. A black band will at 
once app(uir in tin*, ye, How portion of the spectrum, at the place where 
the color is exactly that of the sodium flame itself ; or if the focus was 
sufficiently sliarj) so that a dark Htio could be seen in the yellow before 
the sodiuiii was introdiuuul, this lino will grow very much blaqker when 
the sodium is hurmuL Kvid(iuiily then this dark line in the yellow part 
of the solar spcHttrum is diu.*. in sumo way to sodium vapor through which 
the sunlight has somowliere ])asHod. 

The experiment at onc*.e suggests the explanation of the 
Kraunhof(U’ lines. Tlic white light whicli is emitted by the 
hot uiuilens of the sun, and wliioh contained all wave lengths, 
has )iad certain wave lengths weakened by absorption as it 
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passed through the vapors and gases surrouiidmg the sun and 


the earth. For it is found that every gas or 
vapor will ahsorh exactly those tuave lengths tohich 
it itself is capable of emitting lolien incandescent 
Tills is for precisely the same reason that a 
tuning fork will respond to, that is, absorb, 
only vibrations which have the same period 
as those which it is itself able to emit. Since, 
then, the dark line in the yellow portion of 
the sun’s spectrum is in exactly the same place 
as the bright yellow line produced by incandes- 
cent sodium vapor, or the dark line which is 
produced whenever white light shines tlirough 
sodium vapor, we infer that sodium yapor must 
be contained in the sun’s atmosphere. By com- 
paring in tliis way the positions of the lines 
in the spectra of different elements with the 
positions of various dark lines in the sun’s 
spectrum, many of the elements which exist 
on the earth have been proved to exist also in 
the sun. For example, the German physicist 
Kirchhoff showed that the four hundred sixty 
bright lines of ii‘on which were known to him 
were all exactly matched by dark Imes in the 
solar spectrum. Fig. 448 shows a copy of a 
photograph of a portion of the solar spectrum 
in the middle, and the corresponding bright- 
line spectrum of iron each side of it. It will 
be seen that the comcidence of bright and 
dark lines is perfect. 

491. Boppler^s principle applied to light waves. We 
have seen (see Doppler’s principle, § 398, p. 321) that 
the effect of the motion of a sounding body toward an 
observer is to shorten slightly the wave length of the 



Fro. 448. Com- 
parison of solar 
and iron spectra 
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note emitto.d, and the effect of motion away from an observer is to 
increase the wave icngth. Similarly, when a star is moving toward 
the (‘arth each particular wave hmgth emittcMl will be slightly less than 
the wave lengtli of the corn^sponding light from a source on the, earth's 
surfa(Ui. Hence in this star’s spi’ctrum all the lines will be displaced 
slightly toward the violet end of the spectrum. If a star is moving 
away from the earth, all its lines will be displaced toward the rod end. 
J'rom the. direction and amount of displacenuint, therefore, we can cal- 
culat(‘. tlie vidocity with whi(di a star is moving toward or receding from 
the, solar system. Obse.rvations of this sort have shown that some stars 
are moving through spaca*, towai'd the solar systemi wdtli a velocity of 
150 miles p(‘r st'.e.oiid, whihi others are moving away with almost equal 
V(‘lbcitit‘s. Th(^ wholes solar system appciars to be sweejung through 
HpaiH'. with a vehuuty of about V2 i.nil(‘s per second; but even at this rate 
^t would l)(^. at h‘ast 1,000,000 years before the earth would come into 
th<‘- neighborhood of the nearest star, (wen if it were moving directly 
toward ilr. 

QUESTIONS AND PROBLEMS 

1. In what part of tin*, sky will a rainbow appear if it is formed in 
the early luoruingV 

2. Is a bow se(‘n at d o’<do(dc in the afternoon higher or lower than 

a l)ow K(‘en at 5 o’clock on the same, day? • 

3. AVhy is a rainbow luwer s<H‘n during the middle part of the day? 

4. If you look at a broad sluu't of white paper through a prism, it will 
a]»ptMvr rt‘d at om*, edgi* and blue, at the other, but white in the middle. 
Explain why the middh' aj^pears uucolored. 

6. What (u’id(uic.(*- have we for believing that there is sodium in the 
Hun V 

6. What sort of a spectrum should moonlight give ? (The moon has 
no atrnoHpluu’e.) 

7. If you were given a mix'turo of a nmnln'r of salts, how would you 
]iroceed with a IbmHen hiiriuu’, a prism, and a slit, to determine whether 
or not there was any cahiium in the mixture.? 

8. Can you see any reason why the vibrating molecules of an incan- 
descent gas might be exjjecU'.d to give out a few definite wave lengths, 
while the particles of an incandescent solid give out all possible wave 
lengths ? 

9. Can you see any reason why it is necessary to have the slit narrow 
and tlie slit and screen at conjugate foci of tln^ lens in order to show 
the. Fraunliofer lines in the experiment of § 489? 



CHAPTER XXI 

INVISIBLE RADIATIONS 

Radiation fkom a Hot Body 


492. Invisible portions of the spectrum. When a spectrum 
is photographed the effect on the photographic plate is found 
to extend far beyond the limits of the shortest visible violet 
rays. These so-called ultra-violet rays have been photographed 
and measured by Lyman of Harvard down to a wave length 
of .00001 centimeter, which is only one fourth 
the wave length of the shortest violet waves. 

The longest rays visible in the extreme red 
have a wave length of about .00008 centime- 
ter, but delicate thermoscopes reveal a so-called 
infra-^ed portion o'f' the spectrum, the investiga- 
tion of which was carried in 1912, by Rubens and 
von Bseyer of Berlin, to wave lengths as long as 
.03 centimeter, 400 tunes as long as the longest 
visible rays. 

The presence of these long heat rays may be detected 
by means of the radiometer (Fig. 449), an instrument 
perfected by F. F. Nichols of Dartmouth. In its common 
form it consists of a partially exhausted bulb, within, which is a little 
aluminium wheel carrying four vanes blackened on one face and polished 
on the other. When the instrument is held in sunlight or before a lamp, 
the vanes rotate in such a way that the blackened faces alwayB move 
away from the source of radiation because they absorb ethei' waves 
better than do the polished faces, and thus become hotter. The heated 
air in contact with these faces then exerts a greater pressure against 
them than does the air in contact with the polished faces. The more 
intense the radiation, the faster is the rotation. 

408 



Fiu. 449. Tlu! 
Crookes radl- 
oinoter 


RADIATION FROM A HOT BODY 


409 


A still simpler way of studying these long heat waves was devised 
in 1012 by Trowbridge of Princeton. A rubber band AC (Fig. 450 ) a 
millimeter wide is stretched to double its length over a glass plate 
FGHl, and the thinnest possible glass staff ED^ car- 
rying a light mirror E about 2 millimeters square, is 
placed under the rubber baud at its middle point B, 

Wlien the spectrum is thrown upon the portion AB 
of the band, the change in its length produced by 
th(i heating causes El) to roll, and a spot of light 
reflected from E to the wall to shift its position 
by an amount ])roportional to the heating. 

Let citluu- the radiometer or the thermoscope 
des(n*ib(‘d abovi' bo placed just beyond the red end of 450. A simple 

the spectrum. It will indicate the presence of heat thermoscope 
rays herci of (wen greater energy than those in the 
visibhi spcH^trum. Again, let a red-hot iron ball and one of the detectors 
})('. j)la(!(*d at conjuguito foci of a large mirror (Fig. 451). The invisible 
lu‘.at rays will be found to he. refhic.ted aud focused just as are light 
rays. N(*.xt l(‘,t a flat botthi filhid with wahu* he inserted between the 
detector and any source of heat. It will Ix^. found that water, although 
transparent to light rays, a])sorbH rmarly all of the infra-red rays. But 
if the water is re|daced by (uirboii Insulphide, the infra-red rays will 
he freely transmitted, 

(wen though thej lupiid 
is nmdere.d opaciue to 
light waves by dissolv- 
ing iodine in it. 

493. Radiation and 
temperature. All bod- 
ioH, even, aueh as are 
at ordinary tempera- j-'u!. 451. Kuflei jtioii of infra-red I'ays 
tnres, are continually 

radiating energy in tlu; form of ether waves. Tliis is proved by 
the fa(jt that ev(iii if a body is placed in tlie best vacuum ob- 
tainable, it continually falls in temperature when surrounded 
by a colder Ixxly, su(?h, for example, as liquid air. Tlie etlier 
waves emittcxl at ordinary temperatures are doubtless very 
long as compared with light waves. As the temperature is 
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raised, uunv and more of those loiu^ waves are emitted, hut 
shorte.r and sluu'Uo* waves are euiitinually a<ldetL At about 
the lirst visible waves, that is, thnse uf u dull ml 
(‘olor, lu'gin appear, b'rom this tempera! ttre tai, o\vin|^^ to 
tlie addition of shorter and shorter ua\es, the enlur (‘han^U's 
eontimionsly lirst to oraiu^ts then to yellow, and linally, 
between cS()t)‘*(\ ami to whitt*. In t»ther wonts, all 

bodies get **n‘<bhot" at about and whitediol/' at 

Iroiu BOOM'., to 

Home idea of bow rapidly the total nuliulion of ether waves 
im^reases with inennist' of (emperalttn* may lie (jhiaimst from 
the fact that a hot platinum win* giv«*H on! thiriV'^six times 
aa much light at 14(lt)'*(\ as it doc-s at ulllaaigU 

at the latter ItunperaUirc' it- is ulreudy whitediot. l‘he ratlb 
atiouH from a hot body are sometinu'S tdassitled ns heat 
rays, light rays, and ehemieal or ucdinie rays. 'The classitb 
cation is, howtwer, misleatling, sini’e all ella*r wiues are heat 
waves, in tluesense that wluai absorlHsl by mutitn’ they pro- 
duee heating etTeels; that is, moUamlnr motions, littulttini 
hvat /«, thetis thv rtidittirfi o/‘ rtht t H^ttvrn tinj/ ttntl till 

tmve kntjfth, 

• 494, Radiation and absorption, Ahhongh all substunees 

begin to emit waves c>f a givtm wave length at approx imately 
the same temperature, the total rati' of tmnsNiun i)f imergy at a 
given temperaturt'. varit's gnnitly with thi» Uitturt* af tla^ riwlrntr 
ing surface. In g(*m‘rah i'Kpt*rlment slmws tliut maihtY^ ze/nV/i 
are (lood ahmrhcrH (tf vther radiiititnin tt/Y 
From this it ftdlows that Hurjaevn whirh are tftmd reJlteUmy like 
the polisluul nudals, mmt he jumr rtidiaU^rn, 

"riuiH, let tw(» HhisSs of till, 5 or 10 oie* briglilly 

poliabad and the ether enviTi^i tm «»ne mile with lumphlitrk, planed 
in vertical jdaneH ahnat 10 eenlHneti^f<« iip^rl:, tlir laniplihtek«'«l Mdt* of 
one facing the poUshed i^ide tif the other. bi»t ii ball he nUiak 

with a hit of wax ti» the (inter faee f»f eaeh. ’rh«*n lei a led metal 
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plate or ball (Fig. 4-52) be iield midway between the two. The wax on 
the tin with the blaekcnied face will melt and its ball will fall first, 


showing that the lampblack ab- 
sorbs the heat rays faster than 
does the polished tin. Now 
let two blackened glass bulbs 
be connected, as in Fig, 4-5)1, 
through a U-tube containing 
colored water, and let a well- 
[lolished tin can, one side of 
whi(;li lias been l)Iacken(*(l, be 
filled witli boiling water and 
placed between them. The mo- 
tion of the watiu* in the U-tube 



Fm.452. Good re- 
lieetors are poor 
absorbers 



Fia .463. Good ab- 
sorbers are good 
radiators 


will show that tlie blackened side of the can is radiating heat much more 


rapidly than the other, although the two are at the same temperature. 


QUESTIONS AND PROBLEMS 

1 . When one is sitting in front of an open grate fire does he receive 
most heat by conduction, convection, or radiation? 

2. The atmD.sphere is transparent to most of the sun's rays. Why 
are tlie upper regions of the atmosphere so much colder than the lower 
regions ? 

3. Sunlight in coming to the eye travels a much longer air path 
at HuuriH(». and sunset than it docs at noon. Since the sun appears 
n‘(l or yellow at these times, what rays are absorbed most by the 
atmosphere? 

4. (Mass transmits all the visible waves, but does not transmit the 
long infra-ri‘d rays. Hence explain the princij)le of the hotbed. 

6. Which will be cooler on a hot day, a white hat or a black one? 

6. Will tea cool more (piicldy in a polished or in a tarnished metal 
vessfd ? 

7. Which omits tin.*, more red rays, a white-hot iron or tlie same iron 
when it is red-liotV 

8. Litpiid air flasks and thermos bottles are doubled-walled glass 
vessels with a vacuum between tlui walls. Liquid air will keep many 
times longer if the glass walls are silvei'cd than if they are not. Why? 
Why is the space between the walla evacuated? 
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Electrical Radiations 


495. Proof that the discharge of a Leyden jar is oscillatory. 

We found in § 419, p. 340, that the sound waves sent out 
by a sounding tuning fork will set into vibration an adjacent 
fork, provided the latter has the same natural period as the 
former. The following is the complete electrical analogy of 
this experiment. 


Let the inner and outer coats of a Leyden jar A (see Fig. 454) be 
connected by a loop of wire cde/f the sliding crosspiece de being arranged 
so that the length of the loop may be altered at will. Also let a strip 
of tin foil be brought over the edge of this jar from the inner coat to 


within about 1 millimeter 
of the outer coat at C. Let 
the tw<& coats of an exactly 
similar jar B he connected 
with the knobs n and n' by 
a second similar wire loop 
of fixed length. Let the 
two jars be placed side by 
side with their loops par- 
allel, and let the jar B be 
successively charged and discharged by connecting its coats with a 
static machine or an induction coil. At each discharge of jar B through 
the knobs n and n' a spark will appear in the other jar at C, provided 
the crosspiece de is so placed that the areas of the two loops are equal. 
When de is slid along so as to make one loop considerably larger or 
smaller than the other, the spark at C will disapj^ear. 



Fig, 454. Sympathetic electrical vibrations 


The experiment therefore demonstrates that two electrical 
circuits, like two tuning forks, can be tuned so as to respond to 
each other sympathetically, and that just as the tuning forks 
will cease to respond as soon as the period of one is slightly 
altered, so this electric resonance disappears when the exact 
symmetry of the two circuits is destroyed. Since, obviously, 
this phenomenon of resonance can occur only between systems 
which have natural periods of vibration, the experiment proves 
that the discharge of a Leyden jar is a vibratory, that is, an 
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oscillatory, phenomenon. As a matter of fact, when such a 
spark is viewed in a rapidly revolving mirror it is actually found 
to consist of from ten to thirty flashes following each other at 
(upial intervals. Fig. 455 is a photograph of such a spark. 

In spite of these oscdllations the whole discharge may 'be 
made to take phuie in the incredibly short time of - "y - Q qV 6Y r> 
of a second. This fact coupled 
witli the extreme brightness of 
tlie spark has mad(', possibU^ the 
surprivsing results of so-called 
imtmitaneauH eUuttnc-spark pho- 
toifrapliy. The plate opposite 
page 414 shows the passage of 
a bulUit through a soap bubble. The film was rotated contin- 
uo\isly instead of intermittently, as in ordinary moving-picture 
photography. The illuminating flavshes, 5000 per second, were 
so nearly instantaneous that the outlines are not blurred. 

496. Electric waves. The experiment of § 495 demonstrates 
not only that the discharge of a Leyden jar is oscillatory, but 
also that these electrical oscillations set up in the surrounding 
medium disturbances, or waves of some sort, which travel to a 
uoighboring circuit and act upon it precisely as the air waves 
acted oil the second tuning fork in the sound experiment. 
Whetlun* these are waves in the air, like sound waves, or dis- 
turbances in tlie other, like light waves, can be determined by 
measuring their velocity of propagation. Tlie first determina- 
tion of this velocity was made by Heinrich Hertz in Germany 
in 1888. He found it to be precisely the same as that of light ; 
that is, 300,000 kilometers per second. Tim remilt shows^ there- 
fore^ that electrical oscillations set up waves m the ether. These 
waves are now known as Hertz waves. 

The length of the waves emitted by the oscillatory spark 
of instantaneous photography is evidently very great, namely, 
about == 30 meters, since the velocity of light is 



Tig. 455. Oscillations of the 
electric spark 
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300,000,000 moteVvS per MCH’Oiid, and sinn* thrn* nw LM)()0,000 
oscillations per scuanul ; inr W(‘ liiivc* st‘en in $ p. 
that wave leiiglh is e(|Uiil lo v(d<»{‘ity divitlrd liy (!h» muulier 
of oscillations p(‘r st'cond. By dinunishini’j ilu' si/e tif the jar 
and tlio length of ilu‘ eireuit tlu^ length of tlu* uaves may he 
greatly rediKUMh B}' causing the tdi'ctrical discharges tt) take. 
plae<e between two balls only a fraction of a millinu‘ter in 
diameter, instead of betwecai tla* emits tif a rondcUHer, elec- 
trical waves have been obtained as slmrt as M centimeter, 
only ten tinu^s as long lus tlu^ lougt^st measured ht*ut waves, 

497. The coherer. In tlu'. ('Xp(*rinu*nt of § Ibo wt' deti'eted 
tilie presemai of the tdeetrieal wavt'.s hy nu’ans of a small spark 
gap C in a {dnuut almost idimtiral with that in which the 
oscillations wer<^ S(‘t np. This same means may he empkjyad 
for tlie dcie(!tion of waves many fecg. away fnnn the source, 
but the iustrmueut with which eha’tromagmUie waves were 
first detected hundreds of miles away from the soun’e was tim 
eoherer. Its principle is illustrated in tlu^ following experinunitj 

Let a glass tube several eeutiim^rers lnn|( lual U Mr H milliiurt«*rs in 
diamefci^r be filled witli ine laass er aiekel filings, and let eni|»|H^r wir#s 
be thrust into these tilings within a distimee td abfmt a rentiniet^r of 
each other. Let these wires bt^ cHnineettHl in wrhm with a BawieJl oiU 
and a sinipla I)*Arscmval galvaunineter. ^rin* rer^klanee i»f the bow 
contacts of the filings will h(^ so great that vrry little current will flow 
through the circuit Now h*t a static miiehint^ he istarti^d nmny bet 
away. The galvanauuatT will shew a stmng ^lefieetiuii m mnm a4 a's|tark . 
passes betwcum the knobs of the eluetfieal maebiiie. This in the 

.electric waves, as soon as they fall u|Hm thi^ filings, them to ^ 

or cling together, ho ilmt the ebudri«‘al resistance «»r the ttibe of filings k 
reduced to a small fraetbm of what it before. If iho lube In tap|»e^ 
with a pencil, the old rt^sistance will be restored, tin' filings havi 

been broken apart by the jar. 'rhr^ e$e|rtTiment rimy then r®i»eatiai. 

498. Wireless telegraphy, I'he last ex|a«nment ilhmtmleit eompli^ly 

the method of transmitting wireless meiiw>geis fluHiig the first dwiMia 
after Marconi, In IHPfi, had reali'/,ed euiiutiierelal wireh^'ts tidegraphy, 
At present the essential elenuuits of thi'' system of wlreltsi 


ClNKMATdUIUril Kii.M OK A HtlM.HT KlUHt) TmtOlKJU A SOAl* .IiUl}ni.M 

Tli(^ of tlui niisslb^ may hw folhiwc'.tl oasily. U will 1>« soon tlmt tljo Inibble 
hmiks.nol. wlioii l.li(^l)nll(‘t.(‘iit.orH, biitwlK^n Itc'.mi'.rjjfoH. (l''r(»nr'M<)viii{j;l’ktturoH,*' 
]»y K. 'I'alhot.. CJoiirU'sy i>f .1, 11. Llpi)liua)tt Company) 





ELEOTEICAL KADIATIONS 


415 


telegraphy are as follows : The transmitter consists of an ordinary indue* 
tioii coil or transformer 7^, through the primary of which [Fig. 45G, (1)] 
a current is sent from the alternator A. The secondary S of this trans- 
former charges the condenser C\ until its potential rises high enough to 
cause a spark discharge to take place across the gap s. This discharge 
of C\ is oscillatory (§ 40o), the fre(piency being of the order of 1,000,000 
piir second, but subject to the control of the op(n*ator through the slid- 
ing contacts c, precisely as in th(‘. (rase illustrated in Fig. 454. The 


(1) (2) 



Fkk 460. Transmitting and receiving stations for wireless telegraphy 
(1) Transmitting station ; (2) receiving station 


oscillations in this cond(3ns(ir circuit induce oscillations in the aSrial-wire 
syshiin, which is tuned to resonance with it through the sliding contact c',^ 

The waves stmt out by this aerial system induce like oscillations in 
the a^irial syshmi of tlu‘, reccuving station [Fig. 450, (2)], it may be thou- 
sands of miles away, which is tuned to resonance with it through the 
variable capacity " inductancca ” B. These oscillations induce 

exactly similar ones in the condenser circuits /j, and Jg, all of which 
are txmed to resonance with the receiving aiirial system. The detector 
of the oscillations in /g is simply a crystal of carborundum 2) in series 
with a telephone receiver R, This crystal, like the mercury arc of § B84, 

* In the diagram an arrow drawn diagonally across a condonaor indicates that 
for the sake of tuning the condenser is made adjustable. Similarly, an arrow 
across two circuits (coupled inductiv(jly, like the primary and secondary of the 
" os(dllati()ii transformer/’ indicates that the amount of interaction of the two 
circuits can bo varhid, as, for example, by sliding one coil a larger or smaller 
distjvnce inside the other. 
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has the property of transmitting a current in one direction only. Were 
it not for this property the telephone could not be used as a detector 
because the frequency is so liigh — of the order of a million. In view 
of this property, however, while the oscillations of a given spark last, an 
intermittent current passes in one direction and then ceases until the 
oscillations of the next spark arrive. Since from 800 to 1000 sparks pass 
at s per second when the key K is closed, the operator hears a musical 
note of this frequency as long as K is depressed. Long and short notes 
then correspond to the dots and dashes of ordinary telegraphy. 

The stretching of the aerial wires horizontally instead of vertically, 
as was formerly done, permits to some extent of directive sending and 
receiving, for as in the experiment of § 495 the sending and receiving 
wires work best when they are parallel. 

The three tuned circuits, hi hi cii’e used because such a series of 
tuned circuits does not pick up waves of other periods. For "nonselec- 
tive ” ' receiving these circuits are omitted and the detector and tele- 
phone are placed directly across the condenser llie resistance of 
the telephone is so high th-at it does not interfere with the oscillations 
of the condenser system across which it is i^laced. 

499 . The electromagnetic theory of light. Tlie study of 
electromagnetic radiations, like those discussed in the pre- 
ceding paragraphs, has shown not only that they have the 
speed of light, but that they are reflected, refracted, and 
polarized ; in fact, that they possess all the properties of light 
waves, the only apparent difference being in their greater 
wave length. Hence modern ]^liysic8 regards light as an electro* 
magnetic phenomenon; that is, light waves are thought to be 
generated by the oscillations of the electrically charged parts 
of the atoms. It was as long ago as 1864 that Clerk-Maxwell, 
of Cambridge, England, one of the world’s most brilliant 
physicists and mathematicians, showed that it ought to be 
possible to create ether waves by means of electrical disturb- 
ances. But the experimental confirmation of his theory did 
not come until the time of Hertz’s experiments (1888), 
Maxwell and Hertz together, therefore, share the honor of 
establishing the modern electromagnetic theory of light (p. 54 ), 
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Cathodk and Rontgen Rays 

500. The electric spark in partial vacua. Let a and h (Fig. 4.’j7) 

hc‘. the tenuiualH of an iiuUietuni eoil or Htatic iiiacliine, e and /’ electrodes 
scaled into a giass tube UO or 80 eeutiiueters long, // a rubber tube lead- 
ing to an air pnni]! by wliie.li tlui tube may be exhausted. Let the coil 
be started ladon^ tlu'. exliaustiou is begun. A spark will pass between a 
and bj since ab is Ji very nuudi shorter path than ef. Then let the tube be 
rapidly (‘.xhaustcul. Wluui the pressure has boHui riuluced to a few centi- 
meters of mercury the diH(5]iarge will b(‘, se.en to idioose the long iiath e/in 
})rofcrence to the short path ab, ^ 

thus showing that an electrical 
dkchar(}(i takv}^ place more read- 
ilij ihroxKjli a partial vacuum than 
throaifli air at ordlnanj p'^'cssures, 

AVluui the spark first be- 

. 1 . T Fio. 457. Discharge in partial vacua 

gins to pass bctwccu e and 

/, it will have the appcaranco ot a long ribbon of crimson light. 
As tlio pumping is ciontinucd this ribbon will spread out until 
the crimson glow fills the whole tube. Ordinary so-called 
(kiissler tubes arc tubes precisely lik(', the above, except that 
tlu‘y aiHi usually twisted into fantastic shapes, and are some- 
iiuu‘H snrronnded with jackets containing colored liquids, 
wliich pnxhuto pretty color effects. 

501. Cathode rays. When a tube like the above is exhausted 
to a V(uy high dc'.groo, say, to a prcissuro of about .001 milli- 
meter of moixniry, the cbaraciter of the discharge changes 
completely. Tlie glow almost entirely disappears from the 
rcsidnal gas in. tlu^ inht',, and certain invisible radiations called 
(tatlunh raps aiHi found i,o be emitted by the cathode (the 
terminal of the lube which is connected to the negative ter- 
minal of tlic coil or static inaeliine). These rays manifest 
UumiKclves first by the brilliant fluorescent effects which they 
produce in the glass walls of the tube, or in other substances 
within the lube \i.pou which they fall ; second, by powerful heat- 
ing effects ; and third, by the sharp shadows which they cast 

t 
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Thus, if the negative electrode is c 9 ncave, as in Fig. 4o8, and a piece 
of platinum foil is placed at the center of the sphere of which the cathode 
is a portion, the rays will come to a focus upon a 
small part of the foil and will heat it white-hot, thus 
showing that the rays, whatever they are, travel out 
in straight lines at right angles to the surface of 
the cathode. This may also be shown nicely by an 
ordinary bulb of the shape shown in Fig. 460. If the 
electrode A is made the cathode and B the anode, a 
sharp shadow of the piece of platinum in the middle 
of the tube wiU be cast on the wall opposite to A , thus 
showing that the cathode rays, unlike the ordinary 
electric spark, do not pass between the terminals of 
the tube, but pass out in a straight line from the 
cathode surface. 



Fig. 468. Heating 
effect of cathode 
rays 


502. Nature of the cathode rays. The na- 
ture of the cathode rays was a subject of much dispute between 
the years 1875, when they first began to be carefully studied, 
and 1898. Some thought them to be streams 
of negatively charged particles shot off with 
great speed from the surface of the cathode, 
while others thought they were waves iii the 
ether — some sort of invisible light. The fol- 
lowing experiment furnishes very convincing 
evidence that the first view is correct. 


NP (Fig. 459) is an exhausted tube within which 
has been placed a screen sf coated with some sub- 
stance like zinc sulphide, which fluoresces brilliantly 
when the cathode rays fall upon it; mn is a mica 
strip containing a slit s. This mica strip absorbs all 
the cathode rays which strike it; but those which 
pass through the slit s travel the full length of the 
tube, and although they are themselves invisible, their 
path is completely traced out by the fluorescence 
which they excite upon s/as they graze along it. If a 
magnet M is held in the position shown, the cathode 
rays will be seen to be deflected, and in exactly the direction to be 
expected if they consisted of negatively charged particles. For we 



Fig. 469, Deflec- 
tion of cathode 
rays by a magnet 
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learned in § 308, p. 240, that a moving charge constitutes an electric 
current, and in § 300, p. 287, that an electric current tends to move in 
an electric field in the direction given by the motor rule. On the other 
hand, a magnetic field is not known to exert any influence whatever on 
the direction of a beam of light or on any other form of ether waves. 

When, in 1895, J. eT. Thomson, of Cambridge, England, 
proved that the cathode rays. were also deflected by electric 
e.hargCH, as was to be expected if they consist of negatively 
(diarged particles, and when Perrin in Paris had proved that 
they acjtually impart negative charges to bodies on which they 
fall, all opposition to the projected-particle theory was aban- 
doned. The mass and speed of these particles are computed 
from their dcflectibility in magnetic and electric fields. 

Cathode rays are then to-day xmivermlly recognized as streams 
of electrons shot off from the surface of the cathode with speeds 
tohich may reach the stupendous value of 100,000 miles per second. 

503. X rays. It was in 1895 that the German physicist, 
Rontgen, first discovered that wherever the cathode rays im- 
pinge upon the walls of a tube, or upon any obstacles placed 
inside the tube, they give rise to another type of invisible 
radiation which is now 
known under the name of 
X rays, or Rontgen rays. 

In the ordinary X-ray tube 
(Fig. 4G0) a thick piece 
of platinum F is placed 
in the center to serve as 
a target for the cathode 
rays, which, being emitted at right angles to the concave sur- 
face of the cathode (?, come to a focus at a point on the 
surface of this plate. This is the point at which the X rays 
are generated and from which they radiate in all directions. 

In order to convince oneself of the truth of this statement, it is only 
necessary to observe ‘an X-ray tube in action. It will be seen to be 



Fig. 400. An X-ray bulb 
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divided into two hemispheres by the plane which contains the platinnm 
plate (see Fig*. 460). The hemisphere which is facing the source of the 
X rays will be aglow with a greenish fluorescent light, while the other 
hemisphere, being screened from the rays, is darker. By moving a 
« flnoroscope (a zinc sulphide screen) about the tube it will be made evident 
that the rays which render the bones visible (Fig. 461) come from P. 

504. Nature of X rays. While X rays are like cathode rays 
in producing fluorescence, and also in that neither of them can 
be reflected, refracted, or polarized, as is light, they nevertheless 
differ from cathode rays in several important respects. First, 
X rays penetrate many substances which are quite impervious 
to cathode rays ; for example, they pass through the walls of 
the glass tube, while cathode rays ordinarily do not. Again, 
X rays are not deflected either by a magnet or by an electro- 
static charge, nor do they carry electrical charges of any sort. 
Hence it is certain that they do not consist, like cathode rays, 
of streams of electrically charged particles. Their real nature 
is still unknown, but they are at present generally regarded as 
irregular pulses in the ether, set up by the sadden stoppiiag of 
the cathode-ray particles when they strike an obstruction. 

505. X rays render gases conducting. One of the notable 
properties which X rays possess in common with cathode rays 
is the property of causing any electrified body on which they 
fall to slowly lose its charge. 

To demonstrate the existence of this property, let any X-ray bulb be 
?et in operation within 5 or 10 feet of a charged gold-leaf electroscope. 
The leaves at once begin to fall together. 

The reason for this is that the X rays shake loose electrons 
, from the atoms of the gas and thus fill it with positively and 
negatively charged particles, each negative particle being at the 
instant of separation an electron, and each positive particle an 
atom from which an electron has been-rdetached. Any charged 
body in the gas therefore draws toward itself charges of sign 
opposite to its own, and thus becomes discharged. 
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ami tin‘on‘l Iral, wliich has llirown uiion llio tMinius'Uon holwauni t'.loc.trujUy 
ami math‘r; worthy rcprosruUilivo of LwontmUi-cHiuUiry pliysks 
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506. X-ray pictures. The most striking property of X rays 
is their ability to pa.ss throngli many substances which are 
wholly opaque to light, such, for example, as cardboard, wood, 
leather, flesh, etc. Tims, if the hand is held 
close to a photographic plate and then ex- 
posed to X ray.s, a shadow picture of the 
denser portions of the hand, that is, the 
bones, is formed upon the plate. Fig. 461 
shows a copy of .such a picture. 

Haiuoaotivity 

507. Discovery of radioactivity. In 1896 
Henri [{(scxpiorol, in Paris, performed the 
following oxporiiueiit. 1 le wrapped a photo- 
graphic plate in a pie(!o of pcilectly opaque 
black paper, laid a coin on top of tlie paper, 
and suspended above the coin a small quan- 
'tity of the miiuH-al uranium. Ho then set the whole away 
in a dark room and let it stand for several days. When he 
developed the photographic plate ho found upon it a shadow 
picture of tlm coin sinular to an X-ray picture. He concluded, 
thendoro, that vrctniiim piimw-K ike. property of sp<.mianeously 



S’lG-. 461. An X-ray 
picture of a living 
h££nd 


vmitthuf ray^ of some mirt which have the potoer of penetrate 
iny opaque ohjealH ami of qffeatmg photoifraphia plates, just as 
X rays do» llo al^o foiuul that thoao rays, which he called 
uranium rays, arts hlcc X rayH iu that they discharge electri- 
cally charged bodies on wliicili they fall. He found also that 
the rays are emittcul l>y all urauium compounds. 

608. Radium, It was t)ut a few months after Becquerel’s 
discovery that Madame Chirie, in Paris, began an investigation 
of all the known eleincnts, to find whether any of the rest of 
them possessed the remarkable property which liad been, found 
to be possessed by uranium. Hlie found that one of the remain- 
ing known elements, namely thorium, the chief constituent 
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of W elsbacli mautles, is capable, together with its compounds, 
of producing the same effect. After this discovery the rays 
from all this class of substances began to be called Becquerel 
ray8^ and all substances which emitted such rays were called 
radioactive substances. 

But in connection with this investigation Madame Curie' 
noticed that pitchblende, the crude ore from which uranium 
is extracted, and which consists largely of uranium oxide, 
would discharge her electroscope about four times as fast as 
pure uranium. She inferred, therefore, that the radioactivity 
of pitchblende could not be due solely to the uranium con- 
tained in it, and that pitchblende must therefore contain some 
hitherto unknown element which has the property of emitting 
Becquerel rays more powerfully than uranium or thorium. 
After a long and difficult search she succeeded in separating 
from several tons of pitchblende a few hundredths of a gram 
of a new element which was capable of discharguig an electro- 
scope more than a million times as rapidly as either uranium 
or thorium. She named this new element radium. 

509. Nature of Becquerel rays. That these rays which are 
spontaneously emitted by radioactive substances are not X 
rays, in spite of their similarity in affecting a photographic 
plate, in causing fluorescence, and in discharging electrified 
bodies, is proved by the fact that they are found to be deflected 
by both magnetic and electric fields, and by the further fact 
that they impart electric charges to bodies upon which they fall. 
These properties constitute strong evidence that radioactive 
substances project from themselves electrically charged particles. 

But an experiment performed in 1899 by Rutherford, then 
of McGill University, Montreal, showed that Becquerel rays 
are complex, consisting of three different types of radiation, 
which he named the alpha^ the heta^ and the gamma rays. The 
beta rays are found to be identical in all respects with cath- 
ode rays, that is, they are streams of electrons projected with 
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volooitie.s varying from 60,000 to 180,000 miles per second. 
The alpha rays are distinguished from these by their very much 
Hinaller penetrating power, by their very much greater power 
of rendtiring gases conductors, by their very much smaller 
de(lec‘lal)ility in magnetic and electric fields, and by the fact 
that the (Mrection of the deflection is opposite to that of the beta 
rays. From this last fact, discovered by Rutherford in '1903, 
tlu^ conclusion is drawn that the alpha rays consist ol positively 
charged partic.kts ; and from the amount of their deflectability 
tluur mass has heum calculated to be about four times that of 
the hydrogtm atom, that is, about 7000 times the mass of the 
cltK^tron, and their velocity to be about 20,000 miles per second. 
Rutherford and Boltwood have collected the alpha particles 
in sullicdcuit amount to identify them definitely as positively 
charyed atoms of hdmm. 

I'ho differeiKH'. in the sizes of the alpha and beta particles 
explains wliy the latter are so much more penetrating than the 
former, and why the former are so much more efficient than the 
latter in kuoc.kiug electrons out of the molecules of a gas and 
remlering it conducstiug. A sheet of aluminium foil .005 centi- 
meUu' tliidc emts off completely the alpha rays, but offers practi- 
(!ally no obstruction to the passage of the beta and gamma rays. 

T'he gamma rays are very much more penetrating even than 
tlie beda rays, and are not at all doflectod by magnetic or electric 
iiidds. Tliey are commonly supposed to be X rays produced 
by tlie impact of the beta particles on surrounding matter. 

510 . Crookes^a spinthariscope. Tn 1003 Sir William Crookes devised a 
lifcfcla instrument, called the spinthariscope, which furnishes very direct 
and striking evi<l(mce that particles are being continuously shot off from 
radium with (murmous velocities. Tn the spinthariscope a tiny speck of 
radium R (Fig. 402) is placed about a millimeter above a zinc sulphide 
aorean and the latter is then viewed through a lens T, which gives 
from tan to twenty diameters magnification. The continuous soft glow 
of the screen, which is all one sees with the naked eye, is resolved by 
the microscope into hundr(‘dB of tiny flashes of light. The appearance is 
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as though the screen were being fiercely bombarded by an incessant ^ 
rain of projectiles, each impact being marked by a flash of light, just 
as sparks fly from a flint when struck with steel. The experiment is a 
very beautiful one, and it furnishes very direct and 
convincing evidence that radium is continually pro- 
jecting particles from itself at stuiDendous speeds. 

The flashes are due to the impacts of the alpha, not 
the heta, particles against the zinc sulphide screen. 

511. Photographing the tracks of alpha 
and beta rays. In 1912 0. T. R. Wilson, of 
Cambridge, England, succeeded in actually Em, 462. Crookes’s 
photographing, with the aid of the electric spinthariscope 
spark (see § 495), the tracks of alpha and beta particles as they 
shoot through air. Some of his photographs are reproduced 
in the frontisj)iece. The white streaks there shown are directly 
due to water vapor condensed upon iojis formed along the 
paths of the rays. In the case of the alpha particles the little 
water drops are so close together tliat the photograph shows 
a continuous white streak. This is on account of the tre- 
mendous ionizing power of the alpha particle. In the case of 
the beta rays the ionization is relatively feeble, and the paths 
are not so straight, both of which results are to be expected 
from the smallness of the electron (beta particle) in compari- 
son with the helium atom (alpha particle). The photograph 
obtained when an X-ray beam was passed through the gas 
shows that the effect of the X ray is to eject electrons from the 
molecules of the gas. The path of each of these ejected elec- 
trons may be easily traced in the figure. 

512. The disintegration of radioactive substances. Whatever 
be the cause of this ceaseless emission of particles exhibited 
by radioactive substances, it is. certainly not due to any ordi- 
nary chemical reactions ; for Madame Curie showed, when she 
discovered the activity of thorium, that the activity of all the 
radioactive substances is simply proportional to the amount 
of the active element present, and has nothing whatever to do 
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with tlu^ luiDiro of tho chemical compound in which the ele- 
mciit is [ound. Ihus thorium may be changed from a nitrate 
to a chluvi(l(‘. or a sul})lude, or it may undergo any sort of 
(duMuituil ri‘iu‘ti()n, without any change whatever being notice- 
able in its a(‘,tivity. Furthermore, radioactivity has been found 
to be indi'iHUidcut of all 'i)h/mial as well as chemical conditions, 
'riu^ low(‘Ht cold or greaUust heat does not appear to affect it 
ill tlu^ least-. Kadioaidlvity, therefore, seems to be as unalter- 
able a propcu’ty of the atoms of radioactive substances as is 
wtuglit. i(Hi*ir. For tins reason Rutherford has advanced the 
th(‘,ory that tli(‘. atoms of radioactive substances are slowly 
diHiul(‘gra(.ing into simpler atoms. Uranium and thorium have 
tlu^ lu^aviest atoms of all the clerncnts. For some unknown 
reason tlu^y seem not infreqiumtly to become unstable and 
proj(‘(*t olT a part of iluur mass. This projected mass is the 
alpha parlhde. What is left of the atom after the explosion is 
a lunv sulistuuiie with (diemical properties different from those 
of the original atom. This now atom is, in general, also un- 
stabler and breaks down into something else. This process is 
n‘p(nit(‘d oviu’ ainl over again until some stable form of atom is 
n^aehed. Soiimwhcire in the oourso of this atomic catastrophe 
Hoim^ tdtM'trons leave the mass; these are beta rays. 

Ae{‘(>r(Ung to tins point of view, which is now generally 
acHH^pted, radium is simply one of tho stages in the disintegra- 
tion of tlu^ uranium atom. The atomic weight of uranium is 
tliat of radium about 22(i, that of helium 3.994. Radium 
wtmld tht‘U be uranium after it has lost 3 helium atoms. The 
further diHinlt‘gratiou of radium through four additional trans" 
fannatioiiH has been tnieed. It has been eonjoctured that the 
lifth and final one is lead. If we subtract 8 x 3.994 from 238.5, 
we obtain 205.5, which is viuy close to tho accepted value for 
lead, namely 207. In a similar way six sucjcessive stages in 
the diHinli'graiiou of the thorium atom (atomic weight 232) 
have betm found, but the final product is uuknown. 
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513. Energy stored up In the atoms of the elements. In 
1903 tlio two Frcnohuuni, (hirit^ and Labonl, imuh* an opoeli- 
making discovery. It was that nulhuu is fontinmilly evolving 
heat at the rate of about one liundrtHl euluries per hour per 
gram. More recent nuaiHun*mcntH havt^ given oiu^ hiindrcHl 
eighteen c,alorit*H. 'riiis n^sult was lo have lunui autieijuited 
from the fact tliat the purtieh^s whu‘h are etmtinually living 
off from the disintegrating radium aUnus suhjeet the whole 
mass to an incessant internal humharduuait whiidi would lie 
expected to raise its tenlpen’atur(^ 'rhis nuausureiueut of tlie 
exact amount of heat evolved pi*r hour taiahh^s us to estimate 
how much heat energy is evolvcul in tlu^ disintt^gratitm of one 
gram of radium. It is about two tliouHand millitm (Silories - ^ 
fully three hundred Ihousand times us much as is c'volved 
in the combustiou of one gram of eoal Fttrthtninoris it is 
not impossible that similar enormous (juautities of eiu>rgy are 
locked up in the atoms of tdl siihstHnei's, existing there per- 
haps in the form of the kirndie energy tif rotiUion iif tlie 
electrons. "I'lie most vitally intenmting ipteHiiou whieh the 
physics of the fuUire has to bus' is, Is it poHsible ftir man tii 
gain control of any such store of subattmut^ energy and to use 
it for bis own ends ? Sueh a result dot*s not imw staun likely 
or even possible ; and yet the trausftiniiaUons whieh the stucly 
of physics has wrought in the world within a hmulred years 
were once just m inereclihle as this. In view of what physies 
has done, is doing, and ean yet do for the progrei^ of tlm 
world, can any one he itiHensible either to its value or to its 
fascination ? 















APPENDIX 

REVIEW QUESTIONS AND PROBLEMS 

, 1. A oul.ioal lu)x 20 cm. on a m\c is filled with equal parts of mer 

rury and watiT, W liat is thn euliiis', toriio on the inner surface of the box ? 

2. Suppos., a 5 tmu, H<puire and 200 cm. long i.s inserted into 
till' top ot till* lio!c numtioned in the previous problem and filled with 
water, wlmt will Uk! entiro force be? 

3. A flouting <loek is shown in Fig. 4(!!S. When the cliambers c are 
wit h waU‘r tha circle Hinks until tho water lino is at A. The vessel 

in iheti tluatiHl inU> tije ch)ck. Aa aoou 
aa it in in platusthe water ia pumped 
frmii the ehumlH'ra until th(^ water 
Uae in an Iowan /i. Worknum ean tlien 
get at all parts of the lintttJim If ouch 
of the ohaniherH ia 10 ft, high and 
lU ft. with*, what iiumt be the length 
of the cloek if it in to bo available for 
the /m/ttraff*r (Uamburg-American Tui, 408. Floating dock 
Line) I of r)0,0(K) tema' weight? 

4* The ileuHiky of atone ia about 2.5. If a boy can lift 120 lb., how 
heavy a Httnu^ can lu^ lUt to the surface of a pond? 

5, How many cubic centimeters of a liquid of speciiic gravity 1.5 
must be misec'd with 1 1. of a licpiid of speciflo gravity .8 to make a mix- 
ture of speiMhe gravity 1.8 ? 

6, A divt*r with his diving suit weighs 100 kg. It requires 16 kg. of 
bnul ttj sink him. If the density of lead is 11.3, what is the volume of 
tlu^ tllver and his suit? 

7, A body losen 25 g. in water, 23 g. in oil, and 20 g. in alcohol. Find 
the density of the tul and of the alcohol. 

84 A platinum ball weighs 330 g. in air, 316 g. in water, and 803 g. 
in sulphurio acid. Fiiul the density of the platinum, the density of the 
ittud, and the volume of the hall 

9. What fraction of the total volunie of an irregular block of wood 
of dtniity .0 will float above the surface of alcohol of density .8 ? 

10* What must ba the speoifle gravity of a liquid in which a body 
having a if»aalflo gravity of O.B will float with half its volume submerged? 

427 
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11 . IIow liiYgii a balloon fillod liydn^g-on is notuh^d to raiso a 

weight of tlOOlb,, imdudiug the balloon V Explain. 

12 . What is Boyhi’s law? A mass of air t-c*. in volumt' is intro- 
duced into tlie space above a l)arom(‘i.er column whiidi originally .stands 

■ at 760 mm. The coluiuu siuk.s until it is only oTO mm. high. Kind tlu» 
volume now occupied by tlu'. air. 

13 . The diameters of tlu^ jiistou and cylimh'r (d a hydro.Htalii* press 
are respectively 3 in. and 30 in, 'Du', piston rod is attached li ft. from 
the fulcrum of a lover V2 ft. long (Fig. 12, ]». .17 ). What huve must U* 
applied at the end of the hwer to make tlu\ press {‘xt*rt a force of otHH) Ih, ? 

14 . IIow high will a lift pump raise, water if it is loeattsl uptm tin* 
side of a mountain wln^e the baronud.er ri‘ading i.s 71 cm.? 

15. If the cylinder of aji air pum]> is tin* siz(» of tin* rect'iver, what 
fractional part of the original air will be. h*.rt aftc*r 5 stn»keHV 

16 . A gas at constant im'sstire exi>ands ^1., (d’ its volume at. tV*{‘, 

for every degree it is raised above How much will it expand for 

every degree F. above ? 

17 . A water tank 8 /ft, d(H*p, standing some distain’o above the gmimd, 
closed everywhere except at the*, top, is to b(^ emptied. Tin* oidy nn’ans 
of emptying it is a flexible tulnu 

(a) What is the most couveuii'ut way td using the iidie, lunl how 
could it be set into operation V 

(b) IIow long mu.st the tubc^ In* to (‘rnpiy tin* lank immplelely V 

18 . If when the barometric Inuglit is 7(1 cm. and the tempr^rature is 

30° C, some watox' is inti*oduced into an air-tight what will a 

barometer in the vessi*! read ? 

19 . A ball shot straight upward near a i»oml wins seen to strikr* the 
water in 10 sec. IIow high did it ris{*? What was its initial speetlV 

20 . With what velocity mu.st a ball In*, shot tipward to rise to the 
height of the Washington Monument (555 ft.)? How long before It 
will return? 

21 . A pull of a dyne acts for 3 sec. on a mass (d 1 g. What velocity 
does it impart ? 

22 . IIow long must a fonso of 100 dyne.s atd on a mass td 20 g. to 
impart to it a velocity of 40 cm. pm* second? 

23 . A force of 1 dyne acts on 1 g. fc,)r 1 sec. How far Ims tim gnun 
been moved at the end of the second ? 

24 . A steamboat weigliing 20,000 metric tons is being pulled by a 
tug which exerts a pull of 2 metric tons. (A metric ton is etpmf hi 
1000 kg.) If the friction .of the water wi*re negligildc, what velocity 
would the boat acquire in I min. ? (Reduce mass to grams, force to 
dynes, and remember that F =s nw/t.) 
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25. If a trairi <if <‘arH W(‘i.t;'hs LM)() nictrir, tons, and the engine in pull- 
ing; Her. imparts t<i it, a velueity of 2 m. piu- second, what is the pull of 
the enKine in uie-trie UjiisV 

26. A Hte<‘l hall drt.pped into a laiil of moist clay from a height of a 
metei Hinks to a <li*pth c»l 2 cm. How far will it sink if dropped 4in.? 

27. Xei^leeting* friction, find how mmdi force a hoy would have to 
ex«*rt Ui pull a lOO lh, wagon up an iiudiue which rises 5 ft. for every 
loo ft. cd length irav(‘rs('d (jii the. inelim*. (live not merely the niimeri- 
enl Holutiem of the problem, hut state why you solve it as you do, and 
how you know that yonr .solution is eorree.t. 

28* Desc'rilu^ fully how y<iu would ju’oeetal to hud the density of an 
irre'gular w^lid henvitu' than wat(‘r, showing why in every case yon 
proceed iiH you do. 

29* A rilh* weighing 5 Ih. disttliarges a bullet with a velocity of 
lt)0 ft. per SIM*. \\ hat will he the velocity of the rifle in the opposite 
ciin‘etioii 

30. A bullet wtdgJdng 2oz. is sliot into a body weigliing t’lO lb. hang- 
ing freely .suspended. If tlu‘ voloe.ity of the hulltd is 1500 ft. per second, 
what will he the vertical ludght to which tlie body will bo raised? 

3L JIow many fiiues as mmdi weight will a wire which is twice as 
thick iw another of similar matt‘rial support? 

32* A ftu’ce of 3 Ih. streteh(‘s I mm. a wire that is 1 m. long and .1 mm. 
in tiianieler. Ihivv much force will it tak(^ to stretch 5 mm. a wire of the 
saniH material 4 m. Umg and .15 mm. in diamottsr? 

33* Why di> some Hipuds rise wliih', otluirs are) depressed in capillary 
tubes? • 

34* A metal rofl 230 cm. long expanded 2.75 mm. in being raised 
from (ft', to li)0‘n‘. Find its eoenicient of linear expansion. 

35. If iron rails are 30 ft, hmg, and if the variation of temperature 
throiighcmt t he ytnir is 50^’ (k, what space must bo loft between their ends ? 

36. If the total length of tho iron rods 5, d, e, and i in a compen- 
wttial |HmduUun (Fig. 120) is 2 m., wduit must bo tlio total length of 
the eoppt^r rods e if the p(*rlod tjf the pomlulum. is indopondont of tem- 
jHwaiure V 

37. Deeirie from the table of exj(ausion cooflioumts given on ])age 128 
why the w'ires whicdi lead Iheetirrent through tho walls of incandescent 
eleetriedighb bulbs are always made of platinum; that is, why it is 
iiit|rtmmbi4i to seal any otlier mtdal into glass. 

38. If a dlvt^r di’seends to a depth of 100 ft., what is tlio pressure to 
whlidi he is subjeetedV What is the density of tho air in his suit, tho 
dmi^lty at the surface where tho pressure is Them, being ,00123V 
{Ammm the Uunimraturo Lu remain mieliauged.) 
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3B. A hulibh' l;n>ra a »livar*H Huit ut a uf Itui ft. 

t.lu' tt*mp(‘nilart‘ is I 'C'. 'I'a haw many tinn’.s its tirigiual vuhuu«» has 
tlu‘ buhbU^ ^n’tjwn by tln^ thm^ it nsu*h«‘s tht» surfuar, 'wliar*' the* Unu* 
pnraturn is anti tin*, bannuftritt hrii^ht Ta fin.? 

40, Fiuil tlu' (hmsUy of Urn uir in a I'tirrmra vvh»»s«’ tmiparaluri' is 
100(D(I, thn (lansity at {)‘M\ In-iuK .nbllittn. 

41. Tim air wUhin a hall4tillat4Ml luillMun tnsnipit-s a vulnim* t»if 
100,000 L Tim it'mpnraturt’ \h Ib 'C*. ami th»' bun»in»'trit* hri|<ht Tb rtu. 
What will ba its voUunn afttn* lh«* bnlhn»u has ri.^’U In thn hfi^^ht nf 
i\lt. BUuic’, wlmvi^ the* prcHHnrt' is b7 ciu. urnl Ihn t*Mup<nalun' - lirt’.? 

42. If Um vobunt' ot a quantity nf air at Otrt*. L*0ii r*\, at what 
Uunpemfcurn will its v(»lumt^ bn 000 nn., tlm pmssurn rmiatnin^ ihn satim? 

43, Whnn Urn bartuimtrin htnglit is 70 nm. atul llit^ t4*iti|Hn'almt» 0 ' t\, 
fclm (Icmmty of air is .00110)0, Kiml tlm tlmisiiv ni air whnn tlm 
paraturo is C. arul iha baroumtrin hni^lit is 70 nin» Fiml ihoiirmOty ui 
air wlusti tha temjiK‘ratura is 10 ' i\ anO llm barniimhin bnight 71 vttu 

44* A la var ia 0 ft. lung. Whan* nut^O th** fnlaniin bn phianl sn 
that a waighfc of 000 lb. at unt* atul shall ba bahiiu'i*il by 00 lb, at 
tlui other? 

45, Whara must a load of 100 l)». b»* pliwmd i»« a ^tiak lo ii. lung, if 
the man who holds one anil in to aiq»|H>rt Oo lb., while the man at the 
utdier end supports 70 Ib.V 

46, Two horsea of unequal strength must be hitehed m a t4^ftfn. 'fhe 
one k to pull 000 lb,, while the other pulla 'iHH lb. In the duiiblatree 
50 in. long, where must the pin be pkead to |s^rmit an even imllV 

47. How many gallons of wak^r (H lli. each) tumid a lo II engine 
raise in one hour to a height of 00 ft? 

48. Find graphically the resultant of 40 lb. K.K, and 70 lb, W. 

49. In the course of a stream i« a wak*rfaU 22 ft. high. It In shown 
by meafiurement that 4liP e.u. ft of waU^r nwond |aiur twer It How 
many foot pounds of energy could be obtaintul from it? What horm* 
power? What becomes of this energy if not uand In drhdng inarhinery? 

50, A car weighing 00,000 kilim slides down a grade whieli is 2 m. 
lower at tlie bottom than at the top, and is brought ti* rf»st at the 
bottom hy the brakes. How many calories of imat are develojwi by 
the friction? 

51, A body welghinglO kilos h puihed 10 m, along a level plane. If 
th© oooflicient of friction between the blcK?k and the plane Ii .125, how 
many gram centimeters of work have been done? How many erpf 
How many calarlos of heat have bmm devtd(q«*d ? 

52. Moteoritea are imall cold biKlIes moving almut in Why 

do they become luminous when they enter the earth’s atenwphwt 
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63. .V i-i...... uf i.luUuum wci^rhins 10 g. is takuu from a furnace and 

(.lunge, uistaully mt.. -10 g. uf wuI.t al, 10“ C. Tim temperatoe of the 
a-atm- .m.. .. .r, What wan the hunperature of the XnS 

M. ah.ng a Imrizontal plane with a velocity of 

p. 1:11: it 


65. W ith what velcH-ity must ii l.udy h„ moving in order, before cotn- 

lUK t.. ..-.t, to pass uv.-r ..(I i„. ,m a hormmtal plane, the coefficient of 
Inrtiuu <a winvh ts |V 

66. 1 he elhfieu.-y i.f a guild condensing engine is about 18%. How 
much eual IS .•..nsunie.l per hour by a 1(1,000 il.P. condensing engine, 
eiieU gram ..t .•.ml h.'iug asmim.'.l to produce 8000 calories? 

57, 1 lu' HVcnig.i h.eoinotive has an odiciency of about 0%. What 
burse iH.wr .b«-H it develop wlmn it is consuming 1 ton of coal per 
tniurV (Sr*' IVtihlf'ia fiO.) ^ 

dS. \\ hilt |»ull dtH'i a liKH) IL?. locomotive exert when it is running 
Hi tih uii. |**T liimr atui exerting its full horse power? 

widjchtM of hot watijr and ice are mixed and the result is 
w«.l*T Hi fr* t*, Wlmt wan the Umiperaturo of the hot water? 

§0, ¥mn what hriKht must a ^miri of ioo at 0®C. fall in order to 
tiifdt itsidf hy th*' limit gmicratiul in the impact? 

61, Wlmt li*m|H‘naurtJ will rortull from mixing 10 g, of ice at 0®C. 
with g, ut wah-r at 2ri« C, V 


ia, i Un^ htimlnni grunm of waU‘r at 8C)« C. are thoroughly mixed with 
g. nl tiimtiirv at iril What is the temperature of the mixture? 

63. Ju^twhatwill tmtmr if laOOealoriesbe applied to 20g.oficeat0°C.? 
64* If llm »|HTifin heat of load is .031 and the mechanical equivalent 
ul M rahtrm 4U7 g. in*, thmugli htiw many degrees centigrade will a 
Inucig, h'Hil hull hii ralHod if it falls from a lieight of 100 m., provided 
all of tlio lii'iit th'vidopod hy the impact goes into the load? 

iS, Ihrw iiiiuiy grams of inn must he pub into 200 g. of water at 40° C. 
U* hiwi'f ihr itmi|s'raiurci 

ii, *r«m gmrnM of sbe^am at 100” 0. are cooled to 41° F, liow much 
l» given nntV 

i7, A nrmgn»»tla j«j|e of 80 units' strength is 20 cm. distant from a 
similar imle of 30 units* strength. Find the force between them. 

iS, Two anmll iphirns are charged with -f 16 and — 4 units of elec- 
trkitf. With what foi^t will they attract each other when at a distance 
4 

ii» If th^ two «phrr®8 of the previous problem are made to touch 
aid are then r«?tttrned to thalr farmer {jositions, with what force will 
they mi on emdi other? Will this force be attraction or repulsion? 
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70. If an electrified rod is brought near to a pith ball suspended by 
a silk thread, the ball is first attracted to the rod and tlien rep(dled 
from it. Explain this. 

71. The diameter of No. 20 wire is 31.96 mils (1 mil .001 im) and 
that of No. 30 wire 10.025 mils. Compare the resistances of cMpuil 
lengths of No. 20 and No. 30 German-silver wires. 

72. What length of No. 30 copper wire will have the same resistance 
as 20 ft. of No. 20 co2:)per wire? 

73. What length of No. 20 German-silver wire will have the same 
resistance as 100 ft. of No. 30 copper wire? 

74. If a certain Daniell cell has an internal resistance of 2 ohms and 
an E.M.F. of 1.08 volts, what current will it send through an ammeter 
whose resistance is negligible? What current will it send through a 
copper wii'e of 2 ohms' resistance? through a German-silver wire of 
100 ohms resistance ? 

75. A Daniell cell indicates a certain current when connected to a 
galvanometer of negligible resistance. When a ^liece of No. 20 German- 
silver wire is inserted into the circuit, it is found to require a length of 
5 ft. to reduce the current to one half its former value. Eind the resist- 

. ance of the cell in ohms, No. 20 German-silver wire having a resistance 
of 190.2 ohms per 1000 ft. 

76. A coil of unknown resistance is inserted in series with a con- 
siderable length of No. 30 German-silver wire and joined to a Daniell 
cell. When the terminals of a high-resistance galvanometer arc touclied 
to the wire at points 10 ft. apart, tlie deflection is found to be the 
same as when they are touched across the terminals of the unknown 
resistance. What is the resistance of the unknown coil ? (See § 317, 
p. 252.) 

77. Find the joint resistance of 10 ft. of No. 30 copjier wire and 1 ft. 
of Nf , 20 German-silver wire connected in series ; in parallel. 

78 Three wires, each having a resistance of 15 ohms, worij joined 
abreast and a current of 3 amperes sent through them, IIow much was 
the E.M.F. of the current? 

79. The E.M.F. of a certain battery is 10 volts and the strength of 
the current obtained through an external resistance of 4- ohms is 1.25 
amperes. What is the internal resistance of the battery ? 

80. How many cells, each of E.M.F. 1.5 volts and internal resistance 
2 ohms, will be needed to send a current of at least 1 ampere through 
an external resistance of 40 ohms ? 

81. How many lamps, each of resistance 20 ohms, and requiring a 
current of .8 ampere, can be lighted by a dynamo that has an output' 
of 4000 watts ? 
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82. How many calories will be developed in 10 sec. by a current of 
20 amperes flowing tlirougli a resistance of 100 ohms ? 

83. • Draw a diagram of a two-station telegraph line, showing receiving 
and sending instruments at each station and a relay at one station. 

84. Draw a diagram of an induction coil and explain its action. 

85. (a) Describe and illustrate resonance. 

(b) Find the number of vibrations per second of a fork which pro- 
duces resonance in a pipe 1 ft. long. (Take the speed of sound as 1120 
ft. per second.) 

86. Build up a diatonic scale on C = 264. 

87. If a vibrating string is found to produce the note C when stretched 
by a force of 10 lb., what must be the force exerted to cause it to pro- 
duce (a) the note E? (b) the note G1 

88. What is meant by the phenomenon of beats in sound ? How may 
ft be produced, and what is its cause ? 

89. Show what relation exists between the wave length of a note and 
the lengths of the shortest closed and open pipes which will respond to 
this note. 

90. (a) How can you show that the wave lengths of red and green 
lights are different, and how can you determine which one is the 
longer ? 

(b) Explain as well as you can how a telescope forms the image 
which you see when you look into it. 

91. A clapper strikes a bell once every two seconds. How far from 
the bell must a man be in order that the clapper may appear to hit the 
bell at the exact instant at which each stroke is heard? 

92. The note from a piano string which makes 300 vibrations per 
second passes from indoors, where the temperature is 20° C., to outdoors, 
where it is 5° C, What is the difference in centimeters between the 
wave lengths indoors and outdoors? 

93. A man riding on an express train moving at the rate of 1 mi. 
per minute hears a bell ringing in a tower in front of him. If the bell 
makes 300 vibrations per second, how many pulses will strike his ear 
per second, the velocity of sound being 1130 ft. per second ? (The 
number of extra impulses received per second by the ear is equal to the 
number of wave lengths contained in the distance traveled per second 
by the train.) 

94. How many candles will be required to produce the same intensity 
of illumination at 2 m. distance that is produced by 1 candle at 30 cm. 
distance ? 

95. In which medium, water or air, does light travel the faster? 
Give reasons for your answer. 

. 1 
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96 . Draw diagrams to show in what way a beam of light is bent 
(a) in passing through a prism ; (b) in passing obliquely through a plate- 
glass window- 

97 . Distinguish between a real image and a virtual image, and state 
the conditions for the formation of each by a convex lens ; by a con- 
cave mirror. 

98 . Show by a diagram and explanation what is meant by critical 
angle. 

99 . Does blue light travel slower or faster in glass than red light? 
How do you know ? 

100 . Draw a figure to show how a spectrum is formed by a prism, 
and indicate the relative positions of the red, the yellow, the green, and 
the blue in this spectrum. 

101 . Draw a diagram of a slit, a prism, and a lens, so placed as to 
form a pure spectrum. 

102 . Why is the order of the colors in the secondary rainbow the 
reverse of the order in the primary bow ? 

103 . .An object 5 cm. long is 50 cm. from a concave mirror of focal 
length 30 cm. Where is the image, and what is its size ? 

104 . An object is 20 cm. from a lens of focal length 30. Where is 
the image ? 

105 . Why is it necessary to use a rectifying crystal in series with a 
telephone receiver to detect electric waves ? 

106 . Explain why an electroscope is discharged when a bit of radium 
is brought near it. 
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Aboriutiun, chroiimtic, 400 
Abm>luLD tumporaturo, 121 
AbHolutu unite, 0 

Almorptiou, of gaH(*H, 1 18 ff.; of lighi, 
wavi^H, 405 ; ami radiation, 410 
A(U’(4oration, dolituul, 02 ; of gi*av~ 
ity, oa 

Acbromatic. limH, 400 
AdhuHion, loa ; offocte of, 100 
AOronaute, holglit of ancont of, SO 
Air, proHHiiro of, 27 ; wedglit of, 20 ; 
r.oiuproKHibility of, 88 ; oxpauHibil- 
Ity of, 84 ; pumi), 40 ; brako, 40 
Air brako, 40 
Altc‘rnator, 202 

Ainalgaination of ziim plato, 257 
Ammotur, 275 

Atnporo, 245, 240 j dollnlUon of, 200 
AmuiulHon, 215 
A undo, 207 

Arc light, 2H1 ; automatic food for, 
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ArcldnuulcH, principle of, 21 ; por- 
trait of, 22 

Armature, ring tyi>c, 201, 203 ; drum 
typo, 201, 208, 205 
Artoalan woll«, 20 

AtmoHphoro, proBHuro of, 20; extent 
and cbaracUsr of, 88; height of 
homogoncouH, 88 ; humidity of, 00 
AtoniB, energy in, 420 

Back E.M.F. in inotora, 208 
Bitcyor, von, 408 
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balance, 7 
Halaneo wheel, 120 
Ball bearings, 164 
Balloon, 44 

Barometer, mercury, 80; aneroid, 
81 ; von Guericke’s, 81 ; self- 
registering, 80 

Batteries, primary, 250 ff.; storage, 
200 

Boats, 827, 842 
Beeqnorel, 421, 420 
Bell, Alexander Graham, 810 
Bell, electric, 276 
Bellows, 47 
Bicycle pedal, 166 
Binocular vision, 800 
Boiler, steam, 187 

Boiling points, definition of, 178; 

effect of pressure on, 170 
Boyle’s law, stated, 36 ; explained, 53 
Hrittleness, 104 
Brooklyn Bridge, 130 
Brownian movoinents, 58 
Bunsen, 860 

tlalsson, 46 

Calories, 100 ; developed by oloctrlo 
currents, 270 

Camera, pin-hole, 388; idiotograpblc, 
883 

Candle power, cloflnod, 308; of in- 
candescent lamps, 281 ; of aro 
lamps, 282 

Capacity, electric, 282 
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Capillarity, 106 ff. 

Cartesian diver, 43 
Cathode, defined, 207 
Cathode rays, 417 

Cells, galvanic, 241 ; primary, 260 it ; 
local action in, 267 ; theory of, 
268 ; Dauiell, 201 ; Leclanchd, 203 ; 
Weston, 203 ; dry, 204 ; combina- 
tions of, 206 ; storage, 200 
Center of gravity, 84 
Centrifugal force, 90 
Charcoal, absorption by, 118 
Charles, law of, 123 
Chemical effects of currents, 207 
Clouds, formation of, 06 
Coefficient of expansion, of gasovs, 
123 ; of liquids, 120 ; of solids, 127 ; 
of friction, 154 
Coherer, 414 

Cohesion, 103; properties depending 
on, 104 

Coils, magnetic properties of, 272; 

currents induced in rotating, 288 
Cold storage, 106 

Color, and wave length, 893; of 
bodies, 396; compound, 390; com- 
plementax'y, 897; of thin films, 
899; of pigments, '398 
Commutator, 292 
Compass, 210 
Component, 78 

Condensation of water vapor, 04 
Condensers, 286 

Conduction, of heat, 197 ; of elec- 
tricity, 221 
Conjugate foci, 872 
Conservation of energy, 106 
Convection, 200 ff. 

Cooling, and evaporation, 07, 184 ; of 
a lake, 127 ; by expansion, 108 ; 
artificial, by solution, 182 
Cooper-Hewitt lamp, 288 


Coulomb, 209 
Couxfio, 138 
Crane, 140 

Critical angle, 855, 367 
Crookes, 862, 423 
Curie, 420 

Currents, wind and ocean, 201 ; 
measurement of electric, 240 ff.; 
magnetic Helds about, 244 ; elfects 
* of electric, 207 ff,; induced ehic- 
trie, 284 ff. 

Curvature, of a licpiitl surface, 108 ; 
delined, 804; of waves, 371; of 
mirror, 878 ; center of, 882 

Dauiell coll, 201 
Davy safety lamp, lifi) 

Doclination, or dip, 210 
Density, defined, 8; table of, 8, 9; 
formula for, 9; im4.liods of llml- 
ing, 28 fL; of air luOow sea Iev<4, 
88 ; of saturated vaxior, 02 ; max- 
imum, of water, 120; of electric 
charge, 228 
Dew, formalipn of, 06 
Dew point, 00 

Diffusion, of gasc^s, 64; of UtiuldH, 
68; of solids, 72; of light, 363 
Discord, 842 
Dispersion, 894 
Dissociation, 258 
Distillation, 180 
Diving bell, 46 
Diving suit, 40 

Doiipler’s princIjOe, in sound, 321; 

in light, 406 
Ductility, 104 

Dynamo, principle of, 284 ; i*ule, 2H7 ; 
altornating-current, 290 ; four-pole 
direct-current, 294 ; HurioH-, Hhiint-, 
and compound-wound, 296 
Dyne, 98 
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!lcc(mtrlc, 187 
Och(», ,S22 
CdiHon, .'HO 

Cnhdtnicy, (IfdhuMl, of Kimpl(\ 

iiuu’hlm'H, 15(1; of wat.or motors, 
157, 15K; tif Kt.(<am ong'nioH, 181); 
of UkIiIk, 21U fi\ ; of trans- 

fonnorn, 807 

OUiwtlc.it, y, 10 1 ; limitH of, 102 
iOloctric charge, unit (if, 221 ; diHtri* 
bution of, 227 ; donnity of, 228 
(0U‘ctri(’,aI ina(0iln(‘H, 287 IT. 
lOhH'trlcity, Kiati(*, 21H IT.j two-lluid 
theory of, 222; curnnit of, 240 ff. 
Khn’trolyaiH of water, 207 
Kloctroinagnet, 274 
(OU»ctrojuotiv(% for(’.o, (Icfliuul, 247; 
of galvanic coIIh, 240; indiauul, 
2H5; atrongth of inOuctul, 288; 
back, in inotora, 2UH; iuH(u*.ondary 
circuit, 802 ; at make and bn*ak, 
804 

Kiiu’tron theory, 228, 418 ff. 
lOltu'.trophoruH, 280 
Klectroplatlng, 208 
KUuanmcopc', 220, 220 
MlcctroHtatit^. volttn(4.en’, 284 
Kbudrotypifig, 200 
Knergy* d('0iied, 148; potential and 
kinetic, 140; traimfonnatloiiH of, 
140, 100; formula for, 151 ; t^m- 
aervation of, 105; ('xptmdU.ure (»f 
electric-, 270; wton'cl In atoinw, 420 
Engine, Hteain, 185 ; compound, 180; 
gaw, iOO 

KngllKh (npdvalenlH of imd-ric, unll-H, 
5 

Efinllibranr, 77 

Kcpdlibrlum, wbibU*, 85 ; neutral, 87 ; 

nrmtable, H7 
Erg, 1B2 
Ether, 858 


Evaporation, 67; effect of temper- 
ature on, 50 ; effect of air on, 62 ; 
cooling Gff(5ct of, 07 ; freezing by, 
08; effect of surface on, 70; of 
solids, 71; and boiling, 180; in- 
tense cold by, 184 

Expansion, of gasi'.s, 123 ; of liquids, 
58, 125 ; unequal, of metals, 120 ; 
('.noling by, 108; on solidifying, 
174 

Ey(‘, 885 

Ealinmlieit, 118 
Ealling bodies, 88“98 
Faraday, 200, 284 
Fields, maguetie, 212 . 

Films, eontraotility of, 100 ; color 
of, 8iM) 

Fire syringe, 108 
Float valve, 140 
Floating luaHlle, 111 
Focal hmgtli, of convex mirror, 878, 
882 ; of oojiv(^x Ions, 871 
Fog, formation of, 05 
F(tl(^y, 880 

Fore.e, (Udlnition of, 74 ; method of 
measuring, 75 ; composition of, 70 ; 
resultant of, 70 ; component of, 78 ; 
cfmtrifugal, 00 ; bfmeath licjuitl, 11 j 
llmis of, 211 ; fields of, 212 
Formuhis for UmseH and mirrors, 880 
Foucault, 852 
Foucault (mrr(mi.H, 805 
Franklin, 281 
Fraunhofer llntis, 405 
Freezing mixtun*s, 188 
FrfHczing points, table of, 178; of 
solutions, 188 
Friction, 168 ff. 

Fundaments-ls, defined, »885 ; in pipes, 
844 

Fusion, heat of, 170 
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Galileo, 88, 89, 116, 119 ; portrait of, 88 
Galvanic cell, 241 
Galvanometer, 246, 246 
Gas engine, 190 
Gas meter, 47 
Gay-Lussac, lav^r of, 128 
Geissler tubes, 417 
Gilbert, 218 

Gram, of mass, 3 ; of force, 74 
Gramophone, 849 
Gravitation, law of, 88 
Gravity, variation of, 76 ; center of, '84 
Guericke, Otto von, 31, 32, 40 

Hail, formation of, 66 
Hardness, 104 
Harmony, 842 
Hay scales, 146 

Heat, mechanical equivalent of, 
169 ff. j unit of, 160 ; produced by 
friction, 161 ; produced by colli- 
sion, 162j produced by compression, 
162 ; specilic, 167 ; of fusion, 170 ; 
latent, 172; transference of, 197 
Heating, by hot air, 204; by hot 
water, 206 

Heating effects of electric currents, 
279 

Helmholtz, 840 
Henry, Joseph, 242 
Hertz, 64, 418, 416 
Him, 162 
Hooke’s law, 108 
Horse power, 147 
Humidity, 00 
Huygens, 868 
Hydraulic elevator, 18 
Hydraulic press, 17 
Hydrogen thermometer, 119 
Hydrometer, 24 
Hydrostatic paradox, 14 
Hygrometry, 69 ’ 


Ice, niannfactured, 194 
Images, by convex lenses, 871 ff. ; 
in plane mirrors, 876 ; in convex 
mirrors, 879 ; size of, 374 ; in con- 
cave mirrors, 379 ; virtual, 875 ; 
by concave lenstjs, 875 
IncandoRcent lighting, 280 
Incidence, angle of, 852 
Inclined plane, 80, 142 
Index of refraction, 865 
Induction, magnetic, 209 ; (dectro- 
Htatic, 222; charging by, 224; of 
current, 284 
Induction coil, 803 
Inertia, 95 
Insect on water, 112 
Intensity of sound, 821 ; of light, 867 
Intorfercnco, of sound, 828 ; of light, 
860 

Ions, 229, 259 
Jackscrew, 148 

Joule, 32, 182, 148, 160 ff., 307 
Kelvin, 122 

Kilogram, the standard, 4 
Kilowatt, MB 
Kinetic energy, 149, 152 
KlrchhofT, 406 

Laminated cores, 806 

Lamps, incandescent, 280 ; arc, 281 ; 

Cooper-Ilewett, 288 
Lantern, projecting, 884 
Loclanchd coll, 203 
Lenses, 871 ff. ; formula for, 378 ; 
magnifying power of, 886 ; achro- 
matic, 400 
Lenz’s law, 286 
Level of water, 18 
Lever, 186 ff. ; compound, 146 
Leyden jar, 286 
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jrht, of, ; intoimity of, 

107 ; (UffunUm of, 858 ; rolloction 
if, 852 ; ri'fraotion of, i8)H ; iiaturo 
jf, ii5H ; i’oi‘iniHtmhu‘ tlnuiry of, 
158; wavo llu'ory of, 858; int,i‘r- 
ft'rt'urt' «»f, 851) ; (‘h^c.tvonuigootio 
[-lu'ory of, 418 
tflitning', 281 

nt‘H, of foroo, 211 ; iKogonlo, 218 

qul<l-alr inachiiio, 11)4 

(luldw, tloimith'H of, 1) ; |»roHH\u*o in, 

18 ; t.riU)H!nlKHitm of in*(‘KHiiro by, 

15; InooinprewililUty (>f, 88; 

paiiHiou of, 125 

»cal tu'lbui, 257 

Kuimotivo, IHH 

uulnoHH of Bound, 821 

nnan, 40B 

achlmi, U(juld-air, U)4 
at‘hl)U'H, g(*n(»ml law of, 150; oHl- 
minii’loM of, 158; olootrloal, 287 IT. 
agtUdmrg lunninpliorort, 82 
agiiot, tiatural, 207 ; lawH of, 208 ; 

of, 20H ; oloftro-, 274 
agnedlHm, 207 ff« ; naUu'o of, 218 ; 
thoory of, 214; torrortirlal, 215 
tignlfylng powor, of lonn, 8H8 ; of 
toloHooiio, 887 ; <»f inlortiHCopo, 888 ; 
of ojuna ghiBH, 800 
alloabillty, 104 
anotnotrlo IhuuoH, 888 
ammi, 810 

jy«, ))nit of, 4 ; inofwuronHmt of, 8 
jittor, throo atfUtm of, 72 
:axvv(‘U, 54, 418 
ioobanloal adva))taKt% 185, 187 
[mdiajiloal cujuivalont of hi^at, 182 
[altlng iMiintK, tablo of, 178; offcuit 
of prewfuro on, 175 
Ifitor, atanilard, 8 
fl(ihr4#«nt, 852 


Microscope, 888 

Mirrors, 876 if. ; convex, 878 ; con- 
cave, 870 ; formula for, 881 
Mixtures, method of, 108 
Molecular constitution of matter, 60 
Molecular forces, in solids, 101 ; in 
liquids, 105 

Molecular motions, in gases, 60 ; in 
liijuids, 67 ; in solids, 71 
Molecular nat\ire of magnetism, 218 
Molecular velocities, 64, 66 
M oments of force, 187 
Momentum dofinod, 08 
Morse, 27(5 

Motion, uniformly accelerated, 91; 

laws of, 02 ; perpetual, 166 
Motor, electric, principle of, 288 ; 
rule, 287 ; streot-car, 297 

Ninvton, law of gravitation, 88 ; i^or- 
trait of, 90 ; laws of motion of, 96 ; 
work principle, 141 ; and corpus- 
cular theory, 859 
Niagara, 180, 167 
Nichols, K. F., 408 
Nodes, in pipes, 829 ; in strings, 
884 

Noise and music, 820 
Nonconductors, of heat, 199; of 
electricity, 221 
North magnetic pole, 216 

Ocean currents, 201 

Oersted, 242 

Olun, 252 

Ohm’s law, 262 

Onnes, Kamerlingli, 69, 122 

( Ipeu’fi glass, 889 

Optical InstrimumtH, 8B8ff. 

Organ pipes, 847 
Oscillatory discharge, 418 
Ovej'tnims, 885 ; in pipes, 846 
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Parachute, 44 

Parallel connections, 266, 265 
Parallelogram law, 78 
Pascal, 16, 16, 29 

Pendulum, force-moving, 81 ; laws 
of, 94 ; compensated, 128 
Permeability, 210 
Perpetual motion, 165 
Perrier, 30 
Phonograph, 349 
Photometers, 367, 369 
Pisa, tower of, 88 
Pitch, cause of, 320 
Pneumatic inhstand, 32 
Points, discharging effect of, 228 
Polarization, of galvanic cells, 260 ; 
of light, 366 

Potential, defined, 232 ; unit of, 263 ; 

measurement of, 233, 276 
Power, definition of, 147 ; horse, 
147 

Pressure, in liquids, 13 ; defined, 13 ; 
in air, 27 ; amount of atmospheric, 
29 j of saturated vapor, 60 ; co- 
efficient of expansion, 120, 123 ; 
effect of, on freezing, 175 ; in pri- 
mary and secondary, 306 
Pulley, 133 ff. ; differential, 144 
Pump, air, 40 ; water, 41 ; force, 42 

Quality of musical notes, 337 

Radiation, thermal, 202 ; invisible, 
408 ff . ; and temperature, 409 ; and 
absorption, 410 ; electrical, 412 
Radioactivity, 421 
Radiometer, 408 
Radium, discovery of, 421 
Rain, formation of, 66 
Rainbow, 401 
Ratchet wheel, 165 
Rayleigh, 362 


Rays, infra-red, 408 ; ultra-violet, 
408 ; cathode, 417 ; Rontgen, 419 ; 
Becquerel, 422 ; a, and 7, 422 ff . 

Rectifier, mercury-arc, 309 ; crystal, 
416 

Refining of metal, 269 
Reflection, of sound, 322 ; of light, 
352 ; total, 865 

Refraction, of light, 354 ; index of, 
365 ; explanation of, 362 
Regelation, 175 
Relay, 276 

Resistance, electric, defined, 251 ; 
specific, 251 ; table of, 261 ; unit 
of, 252 ; laws of, 252 ; internal, 
263 ; measurement of, 254 
Resonance, acoustical, 323 ff.; elec- 
trical, 412 
Resonators, 326 
Resultant, 76 
Retentivity, 210 
Retinal fatigue, 398 
Right-hand rule, 246, 273 
Rise of liquids, in exhausted tubes, 
37 ; in capillary tubes, 108 
Roemer, 351 
Rontgen, 419, 426 
Rowland, 164, 852 
Rubens, 408 
Rumford, 160, 367 
Rutherford, 422, 426 

Saturation, of vapors, 64 ; magnetic, 
216 

Scales, musical, 331 ; diatonic, 382 ; 

even-tempered, 333 
Screw, 143 
Self-induction, 302 
Series connections, 256, 206 
Shadows, 356 
Shunts, 256 
Singing flame, 842 
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:>hini^ OKplanatinu of, 40; iutor- 

niitttuit, 40 

o\v, fjjnnutitm of, (jr» 

ap nhuH, 107, im 

lar Hptvtnun, 404, 400 

IH >111(4 Ol'H, JIJM 

luul, HOIUVOH of, *414; Hpc'fd of, 

015 ; nator(( of, 014 ; inunit'al, liliC) ; 

rtOltHdion of, 022; foci, 020; int(‘r- 

forcnt‘o of, 028 

(UuU’r, 270 

■tindlog tioarOn, 020 

lark, oHcillalory of, 4Di I Ju 

va(Muun,4 17 ; plio(o^;rapliy,410,4 1 4 

»!irk louiOk luol pol initial, 204 

>(»akiii|^ tubcH, 021 

an'lllc i^ravity, U 

HH'ilio hiuit, tliOiiu'd, 107 ; okmih- 

uhmI, 108 ; tivblo of, 100 

xH'tra, 401 ff. ; confiiuioiiM, 400; 

briKkt-UiU', 400 ; pur(\ 405 

x'i’tntm aiialyHin, 404 

nml tif .Homid, 015; of lli^ht, 051 ; 

of light ill water, 052, 004 ; of 

(dr'Ctrie wavt*H, 410 

)lrithaHm>pt*, 424 

(nuu fnigliK*, 1H5 ff, 

(nun turbine, 102 
.mdyfirdM, MO 
I'rooHeopi*, OIK) 
onign tndlH, 200 
rlngM, lawfi of, 000 
dilimation, 71 

in, energy derived from, 107 
irfaee teimlon, 100 
nnpiilbetle vibrations, of Hound, 
040 f!, ; elee.trieal, 412 

flegmph, 270 0. ; win4(»Hii 414 IT. 
tdephoite, 010 0, 

filem>pe, jud ronondeal, 0H7 ; terren 
tHal, OHO 
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Teinpcraturo, inoasuremont of, 116; 

abKoluto, 121 ; low, 122 
O'lmacity, 302 

O'horniimietor, Galileo’s, 116 ; iner- 
c.uvy, 117; Pahrenlieit, 118; gas, 
120, 121 ; ale.ohol, 121 ; maximum 
and miniumm, 122 ; the dial, 
100 

'riiennoHi^ope, 400 
'rheriuo.sUit, 120 
O'lioiuHon, 410, 420 
'rUriuseolor printing, 800 
'roeplor-IIolt/., 207 
d’orric.olH, (‘.Kperimeiit of, 28 
d'ranHforimu*, 005, 007 
'rnuiHiniKHion, eluctrhnil, 008 ; of 
prt'HHun*, 15 ; of Kound, 816 
'OraimmiUisr, telephone, 011 
'Orowbridge, 400 
'I'urblne, water, 358 ; steam, 102 

UnitH, of length, 2; of area, 2; of 
volume, 2 ; of masH, 4 ; of time, 6 ; 
three fundamental, 5 ; C.G.S., 6 ; 
of for('(», 74, 08; of work, 182; of 
power, 147 ; of Innvt, 360 ; of mag- 
netlHin, 200 ; of potential, 208 ; 
of eurrent, 245, 260 ; of resistance, 
252 ; of light, 868 

Vmnuim, sound In, 815 ; spark in, 
417 

Vaporimtlon, heat of, 177, 178 
V(4o(dty, of falling body, 01 ; of 
sound, 015 ; of light, 851 
Ventilation, 200 

Vibration, niunhors, 001 ; of strings, 
800 ; forced, 026 ; syinpathotio, 
040 n. 

Vision, distance of most distinct, 
086 

Visual angle, 885 
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Volt, 284, 268, 288 
Volta, 284 

Voltmeter, 240, 275; electrostatic, 
284 

Watch, bala-nce wheel of, 120 ; wind- 
ing mechanism of, 147 
Water, density of, 4 ; city supply of, 
10 ; maximum density of, 126 ; 
expansion of, on freezing, 200 
Water wheels, 167 
Watt, 148 

Watt, James, 147, 148 
Wave length, defined, 817 ; formula 
for, 818 ; of yellow light, 862 ; of 
other lights, 808 
Wave theory of light, 868 
Waves, condensational, 818 ; water, 
819 ; longitudinal and transverse, 
820 ; light, transverse, 806 ; elec- 
tric, 418 

Weighing, method of substitution, 7 


Wet-and-dry-bulb hygrometer, 60 
Wheel, and axle, 142 ; ge^ar, 144 
worm, 144 ; water, 167 
White light, nature of, 804 
Wilson, C. T. R., 424 
Wimshurst electrical machine, 288 
Wind instrmnents, 844 
Windlass, 146, 146 
Winds, 201 

Wireless telegraphy, 414 
Work, defined, 181 ; units of, 182 
principle of, 141 
Wright, Orville, 810 

X rays, 410 

Yale lock, 141 
Yard, 2 

Yerkos telescope, S8B 

Zeiss binocular, 801 
Zeppelin airship, 44 
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MIIJJKAN AND GALE’S 


A I'lRSr COURSE IN PHYSICS 

Ul-.VISKI) KIUTION 

Hv RtiititHi A. Mir.i.iKAN’ attd Hknhy (J. Oalk, Thf*. University of Chicago 

.14.’. illtjhirati'il 

I UP Millikan and (nili* Physics is used to-day in more than four 
ihuusaitd leading schools thron^'houL the country, 'J’hc revised 
ctlitiou stands prcihniutMtt in its ai)iK‘al to the pupil, its adaptation 
tt> the* ncctls of tlu* classi’(join, and its genuine worth. Among the 
fcaUirrs of this Inmk arc: 

A nnuhlv Nimplc atnl intct'csiing approach to the subject. 

The cliMi aiul simple (rcatineiu force and motion, the principles 
undedvinK tlu* dynamo and nitUtn*, and other difiicull .subjects. 

'Phe t nntbimuion id' the wave method and the ray method in light 

‘The huge munher of pn»hlems. 

‘Pile atleijuali' tteatmeut of llu* noiahle achicvemenl.s of mod- 
ern phv’*ics, liiiih in the (leltl of application and in that of 
puie ;»t iehi i’. 
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A FIRST COURSE IN 
LABORA'rORY ITIYSICS 

Uy Himi.ut A. Mili.ikan, IIvnuv (i. Uai.k, and ICnwiN S. Bisnor, 

‘t'he University of Chicago 

I ifl»e.tnnf'‘t, hmnul in doth ur in Itidrx Binder 

.Stxrv 't'UUEK cxptTitnents furninlung a complete survey of the 
snlijcct by int'an.*i td tlircct firstduuul contact with the most signifi- 
catU physical priuciplen and their applications to daily life. The 
experiments do not preHUppose cither a previous study of the sub- 
jecl invnlvecl tir an antecedent knowledge of physics. 'Phe book 
supplies the lubtiiattn*y work to aeconiiiany the revised edition of 
Millikan and Hale’s J’hy.sics. It can be used satisfactorily, however, 
with any texllmok tir iiulependenlly of any elasaruom text. 
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Elements of general science 

REVISED EDITION 

By Otis W. Caldwkll, Teachers College, Columbia University, and 
William Lewis Eikknueuuy, University of Kansas 

8vo, doth, xii I 404 pages, illustratts! 

The original tcxLboolc by Caldwdl and I'likenborry, pulilishctl sev- 
eral years ago, was at once recognized as the iirst adecjuate htJok in 
the new field of general science. It was only natural, l)y reason of 
the extreme care with which the intUcrial was devtdoped during six 
years of classroom experimentation and because of its noteworthy 
arrangement, its scicnlibc accuracy, its nice balance in presenting 
each science not from a point of view witliin itself but in coherent 
relation to other sciences, and its general applicability to everyday 
phenomena, that this Ixmk slKudd hecome a preeminent success. 

The need for a revision of this standard bt)ok in a new and chang- 
ing subject is apparent I'he authors have goiu^ over the entire work, 
making notable changes and additions. The logit:al arrangement of the 
chapters under five heads— The Air; Water tmd its llsc‘s ; Work and 
Energy; The Earth’s Crust; Life upon the Earth — which marked 
the original edition has been retained, but important chapters Iiave 
been added on astronomy, electricity, food and nutrition, indu.stry and 
the arts. There are many new and valuiibk^ illuslratitms, eharts, and 
diagrams, and a list of practical questions hctitls each chapter. 


A Laboratory manual in 

GENERAL SCIENCE 

By Orm W. Cai.iiwei.i. luul W. I„ Eikfniu-rkv 
xi 134 with diagraniB, bound in doth or in Billex Binder 

Ninety-four exercises and some supplementary exercises, pro- 
viding laboratory work to accompany Caldwell and Eikenberry’s 
General Science.” All the exercises are simple, and in many 
cases two or three can be covered in a single laboratory jicriotl 
Only those have been included which through trial have proved 
their value for use in the first year of high school. C'ommon prob» 
lems and common materials are made the basis of the work. 
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A FlRSl^ COURSE IN CHEMISTRY 

Hy W IM i \M MrEm usnNuiul Wii.i.iam K. IIkndkrson, Ohio State University 
4i() illustracfil 

I’KKIIAI-S thi‘ iu(>st uni*nu‘ IVatuiv of this book is its constant em- 
phasis upi.u uncloilyiiiR piinoipU-s and upon the applications of chem- 
isti Y to everyday Hie. I he material included embodies the very latest 
iliseoveries in lahoralta y rt'seareh and tlu‘ must up-to-date peda^^ogical . 
nu’thods. 1 ht* book has been prt‘pared especially to supply a brief 
course for beKiiminp. sludenls in eliemistry. The treatment, while 
lemaik.ihly ( leaf ami inlerestinR, never (U'sceiuls to the standard of 
the tiuMely pnpulai womU’rhook, I he constant aim is to encourage 
scientdii* h.dhts id thought attd to discourage superficialities. 

Keatmrs id’ tlie hook which i'hallenge aud hold tliu interest are; 

I. 'The .’dtuple, (lirect, and incisive style. 

'flic neatineiit id chemistry as a constantly 
growing and changing science. 

p 'file ahuncl.mce of helpful exercises, 

.p 'rhetliM usnioiud the juactical applications of cliem- 
i‘Uiv to metallurgy, manufacturing* agriculture* 
houseludil economics, hygiene, and sanitation. 

5. *rhe Ntricily modern spirit which yet avoids all 
unproveil innovations. 

l .A H( ) K A'l'( )R V Isxr: RCrSKS 

'{ki .ncotnpany <* A Firnt Course in Chemistry*^ 
j xX IwJUful in dorli iir In llillcx Binder 

(IXE Imiuhet! iandully stdeclcd ami graded exercises, all of which 
van be imifortneil with the simplest and most inexpensive apparatus 
atul wbii'ii give the MutleiU a real insight into the principles as well 
as the applicalituis of chemistry. 
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TEXTBOOKS IN 



PHYSICS AND CHEMISTRY 


PHYSICS 

CavaiKigh, WcstcoU, and 'rwinin^^^: Physics Lahnralnry Manual 

Hustings and Heach ; 'roxlhook ot’ Ccuerul Physics 

Higgins; J.cssans in Physics 

Higgins: Simple KxpcriiucnU in Physics 

Hill; lissoiUials of Physics 

Ingcrsoll and Znhd : Mathematical 'rhenry of Heat ('onductittn 
Jeans: Theoretical Mechanics 
Miller: Lahuratory Physics 

Millikan; Mechanics, Molecular Physics, and Heat 
Millikan and dale: First Course in Physics (Rev. Kd.) 

Millikan, dale, and Ihshop : First Course in Laboratory Physics 
Millikan and Mills: Idectricity, Sound, and Light 
Mills: Introduction to Thermodynamics 
Packard : F.vevyday Physics 

Sabine; I/aboratory Course in Physical Mcasurt‘ments 
Smith, Tower, and Turton: Manual tif Experimental Physics 
Snyder and Palmer: One Thousand Prol)lcms in Physics 
Stone : iCxperimental Physics 

Wentworth and Hill: Textbook in Physics (Rev. Fd.) 
Wentworth and Hill; Laboratory h'.xercises (Rev. Kd.) 

CHEMISTRY 

Allyn: Klementary Applied Chemistry 

Dennis and WhiUelsey : Qualitative Analysi.’^ (Rev, Kd.) 

Kvans : Quantitative (Chemical Analysl.s 

Hedges and Bryant: Manual of Agricultural (liemistry 

McGregory: Qualitative Chemical Analysis (Rev. Kd.) 

. McPherson and Henderson : An Klementary Study of (‘hemistry 
(Second Rev. Kd.) 

McPherson and Henderson: Course in dt'ueral Cliemistry 
Laboratory Manual for General Chemistry 
McPherson and Henderson: First Course in Chemistry 
McPherson and Henderson : Laboratory Kxerdscs in Chemistry 
Moore; T.ogarithmic Reduction 'Tables 
Morse: Exercises in Quantilativc' ('’hemistry 
Nichols: T/a1)oratory Manual of HousehoUrduunistry 
Olsen: Pure E'oods: their Adulteration, Nutritive Value, and ('ost 
Sellers: Treatise on Qualitative Analysis (Rev. Kd.) 

Thorp : Inorganic Chemical Preparations 
Unger: Review Questions and Problems in Chemistry 
Williams : Chemical E'xcrdscs 
Williams: Essentials of Chemistry 
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